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ABSTRACT

The development of binary protein systems featuring superior nutritional properties and applied range is an
interesting and challenging task in the food industry. In this study, the tilapia-soybean protein co-precipitates
(TSPCs) with different mass ratios of tilapia meat and soybean meal were constructed. Results of physico-
chemical properties showed that the highest solubility and thermal stability values of TSPCs were 81.90 % and
90.30 °C, respectively. TSPCs have the full complement of amino acids and enhanced nutritional quality
compared to tilapia protein isolate (TPI) and soybean protein isolate (SPI). TSPCy.;; and TSPCy.; contained the
highest levels of tryptophan, aspartic acid, glycine, histidine, and arginine relative to TPI and SPI. The in vitro
protein digestibility and protein digestibility corrected amino acid scores of TSPCs were also higher than that of
SPI. SDS-PAGE revealed that TSPCs contained protein subunits from TPI and SPI. Moreover, the lysine-to-
arginine ratio and f subunit were greatly correlated with protein digestibility with correlation coefficients of
—0.962 (P < 0.01) and —0.971 (P < 0.01), respectively. Compared to SPI, TSPCs displayed a lower lysine-to-
arginine ratio and p-conglycinin content, which improved its digestibility. Proteomic analysis indicated that
TSPCy.1 had 989 unique proteins, which gives TSPCs enhanced biological properties compared to TPI and SPI,
allowing them to participate in a broad range of biochemical metabolic and signal transduction pathways. The
study would advance the utilization of mixed proteins toward exceptional food industry applications.

1. Introduction

Proteins are crucial macronutrients and a vital structural component

individual protein properties and addressing environmental and
resource scarcity issues (Alves & Tavares, 2019). Tilapia is a widely-
cultured fish in Africa and Asia, while soybean is the largest source of

in many foods. They provide the necessary amino acids for human
growth, development, and protein synthesis, including hormones, en-
zymes, and antibodies (Lv, Zhao, & Ning, 2017). Protein-based in-
gredients play various technological roles in formulated foods and
contribute to food texture, flavor, and other consumer-related properties
(Loveday, 2019). However, proteins are heterogeneous in composition,
structure, and other characteristics. The application value of food pro-
teins is dependent on their source and processing.

Mixed protein systems from different sources have gained attention
due to their improved nutrition and functional properties. The combi-
nation of animal and plant proteins has proven effective in improving

plant proteins. Tilapia and soybean proteins are used in several food
products due to their high nutritional value, low price, and potential for
human consumption (Shaheen et al., 2016; Kang et al., 2022). Mixing
tilapia and soybean proteins could be a nutritionally favorable combi-
nation due to their different levels of sulfur amino acids and aromatic
amino acids (Shaheen et al., 2016; Tan, Tan, & Tan, 2023). The
formulation of products containing tilapia and soybean proteins can take
advantage of the differences in their essential and non-essential amino
acids to design products with unique nutrition and molecular structure.
As consumer demand for aquatic foods increasing, mixed aquatic-plant
proteins have caught the attention of functional food manufacturers
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(Tahergorabi et al., 2015; Lin et al., 2017). Therefore, the mixing of
tilapia and soybean proteins warrants further investigation.

Co-precipitation is one of the most common methods for mixed
proteins (Alu’datt et al., 2013), which can be an effective strategy for
blending tilapia fish protein and soybean protein. Previous studies have
confirmed that whey-soy protein co-precipitates contain protein com-
ponents of whey protein and soybean protein (Alu’datt, Alli, & Nagadi,
2012). Protein co-precipitates with the potential to improve the nutri-
tion and functional properties of original raw proteins. Comparative
studies have found that the nutritional value of protein co-precipitates is
higher than individual protein isolates due to the altering of amino acid
compositions (Thompson, 1977; Youssef, Abu-Foul, & Moharram,
1995). The soybean-wheat co-precipitated protein (SWCP) with
improved gelation properties than pure proteins (Tian et al., 2022a). In
another report, the emulsification, foaming, and nutritional properties
of soy-wheat co-precipitated protein were enhanced compared to pure
protein (Tian et al., 2022b). Incorporation of protein co-precipitates can
also enhance the sensory acceptability of many food products. Beef
patties extended with milk co-precipitates have the best appearance,
flavor, and texture and are generally the most acceptable (Thomas,
Mcbride, Turner, & Abad, 1978). The low-fat ground pork patties
complexed with 7 % milk co-precipitate resulted enhanced microbio-
logical properties and refrigerated storage stability (Kumar & Sharma,
2003). Overall, a wide range of nutrition, function, and sensory prop-
erties allows protein co-precipitates to be used as an ingredient in many
food systems by contributing necessary processing properties.

The nutritional quality of protein is often a key factor for evaluating
food quality, especially during the production of a formulated product
(Swieca et al., 2019; Harshani et al., 2021). Usually, the nutritional
quality of food protein is primarily based on protein content, amino acid
composition, and digestibility (Loveday, 2019; Kowalczewski et al.,
2019). The amino acid score and protein digestibility corrected amino
acid score are important factors for assessing protein quality, which can
directly reflect the utilization of protein by the body (University & Or-
ganization, 2007). In addition, studying the molecular structure of food
proteins leads to understanding the components that make up a whole
protein, which is often vital to understanding its nutritional value (Yu,
Mckinnon, Christensen, & Christensen, 2004). In a mixed protein sys-
tem, structural diversity and amphiphilicity of food proteins allow them
to interact with other proteins in food products under certain conditions
(Alves & Tavares, 2019). Thus, the extent of structural changes in these
proteins during food processing may modulate these interactions and
dramatically impact the nutritional quality of food.

In recent years, there have been increasing numbers of studies on the
correlation between protein nutrition and protein structure. The effect
of protein structure on nutritional value may be due to differences in
molecular structure, resulting in different sites of action with digestive
enzymes, thereby releasing differing kinds and quantities of oligopep-
tides and amino acids (Yu, 2007; Gomaa et al., 2018). However,
although changes in molecular structure will affect the nutritional
quality of proteins, the role of amino acids in this process remains un-
clear. Existing studies have confirmed that amino acid composition may
be the main modulator responsible for the physiological function of
proteins, which may affect their digestibility (Yang et al., 2012). At the
same time, protein co-precipitates formed by the interaction of different
proteins may lead to the generation of new proteins, which may have
potential biological functions. Usually, these unique proteins can be
identified using proteomics techniques. The biological functions of
unique proteins can be analyzed through Gene Ontology (GO), and the
metabolic and signal transduction pathways can be analyzed through
the Encyclopedia of Genes and Genomes (KEGG) (Zhao, Sun, Liu, Cheng,
Wang & Guo, 2022).

Based on our previous study, TSPCs were developed, and the struc-
ture-function relationship of TSPCs has been discussed (Tan et al.,
2019). However, there is a lack of in-depth research on the physico-
chemical properties, nutritional quality and correlation with protein
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structure, and proteomics profile. Therefore, this study aims to prepare
TSPCs with different mass ratios of tilapia-soybean protein and further
research its physicochemical properties, nutritional quality, and prote-
omics profile. This study will provide a theoretical basis for promoting
the application of TSPCs in the food industry.

2. Materials and methods
2.1. Materials

Fresh Nile tilapias (Oreochromis niloticus) were slaughtered and
eviscerated in room temperature at the local market (Zhanjiang,
Guangdong province, China) by market personnel to collect fish muscle.
Fresh fish muscle with a protein content of 17.73 % (nitrogen x 6.25,
wet) was placed in an incubator with ice packs and promptly sent to the
laboratory for immediate use or frozen at —20 °C for further use. Soy-
bean meal, with a protein content of 53.31 % (nitrogen x 6.25, wet),
was purchased from Shandong Wandefu Biotechnology Co., Ltd. (Don-
gying, China). Pepsin (1:15000 USP units/mg of protease) and pancre-
atin (300 USP units/mg of protease) were obtained from Aladdin
Reagent Co., Ltd. (Shanghai, China). Other chemicals and reagents used
were of analytical grade.

2.2. Preparation of tilapia-soybean protein co-precipitates (TSPCs)

TSPCs were prepared according to our previous study (Tan et al.,
2019). Briefly, tilapia meat was mixed with soybean meal in different
mass ratios (3:1, 2:1, 1:1, 1:2, and 1:3, w/w) and then mixed with cold
deionized water (1:9, w/v). The pH of the mixtures was adjusted to 11.0
using 2.0 M NaOH, followed by stirring at 600 rpm for 30 min using a
magnetic stirrer (IKA R05, USA). The supernatant was collected after
centrifuging (10,000g, 4 °C) for 20 min. The pH of the supernatant was
adjusted to 4.5 by 2.0 M HCI and subjected to centrifugation (10,000g,
4 °C, 20 min) for precipitate collection. The precipitate was adjusted to
pH 7.0 and dialyzed in cold deionized water for 48 h. The dialysate was
Freeze-dried to obtain TSPCs with different mass ratios of tilapia meat
and soybean meal (TSPCs.;, TSPCy.1, TSPC;.1, TSPC;.2, and TSPC;.3).
The tilapia protein isolate (TPI) from tilapia meat was prepared as
previous study (Foh, Xia, Amadou, & Jiang, 2011) with slight modifi-
cation, which is that the pH of alkaline dissolution and acidic precipi-
tation was 11.0 and 5.5, respectively. The soybean protein isolate (SPI)
from soybean meal was prepared as described by Yang et al. (2014) with
some modification, which is that the pH of alkaline dissolution and
acidic precipitation was 8.0 and 4.5, respectively. All protein samples
were stored at —20 °C for further use. In addition, the protein content of
all protein samples was analyzed by the fully automatic Kjeldahl nitro-
gen analyzer (VADODEST 450, Gerhardt, Germany). The batch repli-
cation has been conducted during all steps of TSPCs preparation.

2.3. Physicochemical properties of tilapia-soybean protein co-precipitates

2.3.1. Analysis of basic components

The basic components of tilapia-soybean protein co-precipitates,
including crude protein, crude fat, moisture, and ash content, were
determined by referring to the method of Ban et al. (2020) with some
modifications. The content of crude protein was determined via the
Kjeldahl method, using a conversion factor of 6.38. The content of crude
fat was analyzed using the Soxhlet method. The contentof moisture was
determined by an rapid moisture analyzer (HC103, METTLER TOLEDO,
Switzerland). The content of ash was determined by dry-ashing using a
muffle furnace.

2.3.2. Determination of solubility

Protein solubility was determined using a modified version of pre-
viously described methods (Foh et al., 2011). Protein samples (300 mg)
were dispersed in 30 mL of distilled water and stirred for 30 min at room
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temperature. The pH of the mixture was adjusted to 7.0 and centrifuged
at 10,000g for 20 min. The protein content of the clear supernatant was
determined by the Kjeldahl method, using a conversion factor of 6.25.
Solubility was calculated using the following equation:

Supernatantproteincontent

Protein solubility(%) = @

Proteincontentbeforecentrifugation

2.3.3. Determination of thermal stability

The denaturation temperature of the protein co-precipitates was
evaluated by a synchronous thermal analyzer (STA449F3, Netz, Ger-
many). Samples (8 mg) were sealed in an aluminum pan and heated
from 30 °C to 150 °C with a rate of 10 °C/min and a nitrogen purge rate
of 50 mL/min. The peak temperature value represents thermal stability.

2.4. Nutritional properties of tilapia-soybean protein co-precipitates

2.4.1. Determination of amino acid

Sixteen amino acids and tryptophan were quantified according to the
method of Horwitz and Latimer (2005). Protein samples underwent acid
digestion with 6 M HCI at 110 °C for 24 h. Each hydrolysate was
transferred into a 50 mL volumetric flask and diluted with distilled
water. Sixteen amino acid content was analyzed using a fully Automatic
Amino Acid Analyzer (S-443D, Sykam, Germany) after precolumn
derivatization with o-phthaldialdehyde (OPA). Furthermore, the sample
was subjected to alkaline hydrolysis with 5 M NaOH at 110 °C for 22h,
and tryptophan was analyzed using Liquid Chromatography (1260,
Agilent, USA). The amino acid content was expressed as g of amino acid/
100 g of protein.

2.4.2. Determination of in vitro protein digestibility (IVPD)

The IVPD was determined using a modified version of previously
described methods (Vilela, Lands, Chan, Azadi, & Kubow, 2006; Kasp-
chak, Mafra, & Mafra, 2018). Briefly, gastric digestion was completed
using pepsin (3.33 mg/mL) and protein (3.0 mg/mL) at pH 2.0 (adjusted
with 1.0 M HCl). The system was stirred for 1.5h at 37 °C using a
thermostatic bath oscillation (HHS, Shanghai Boxun Industrial Co., Ltd.,
Shanghai, China) and then neutralized to pH 7.0 using 1.0 M NaOH. For
intestinal conditions, a pancreatin solution (pH 7.0, 0.1 M phosphate
buffer) was added to the gastric digestion solution to obtain a final
concentration of 0.5 mg/mL. The mixture was stirred for 3.0 h at 37 °C.
Sodium carbonate was added to the mixture at 5.0 mg/mL to obtain pH
10.0 for terminating reaction. Protein quantification during the gastric-
intestinal digestion process was based on the Bradford method (Brad-
ford, 1976). The IVPD values were calculated using the following
equation:

Digestedproteincontent

IVPD = 100 2
(%) Totalproteincontent(3.0mg/mL) x 2

2.4.3. Calculation of amino acid score (AAS) and protein digestibility
corrected amino acid score (PDCAAS)

The AAS was calculated by dividing the amount of essential amino
acid by the reference pattern of amino acid requirements for non-
athletic individuals, as established by the University and Organization
(2007). The amino acid with the lowest score was identified as the
limiting amino acid (LAA). The PDCAAS was calculated using the amino
acid score and in vitro protein digestibility of protein samples. AAS and
PDCAAS were calculated using Egs. (3) and (4):

Content of essential amino acid in sample
Content of essential amino acid in reference protein

AAS = 3)

PDCAAS(%) = AAS of LAA x in vitro protein digestibility “4)

Where the reference protein was the WHO/FAO/UNN adult amino
acid requirements.

Food Chemistry: X 21 (2024) 101179

2.4.4. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis

SDS-PAGE was performed using a modified version of previously
described methods (Alu’datt et al., 2012). Freeze-dried protein samples
were formulated into the same concentration of protein solution and
heated (95 °C, 5-10 min) in sample buffer (10% SDS, 0.5 M p-mercap-
toethanol, 0.5 M Tris-HCl, pH 6.8, 2% glycerol, and 0.1% bromophenol
blue). The acrylamide content for the stacking and resolving gels was 5
% and 12 %, respectively. A series of standard protein markers (16.0-270
kDa, Beyotime Biotechnology, Shanghai, China) was used in the elec-
trophoresis to aid in the identification of protein bands in the samples.
Electrophoresis was carried out on a vertical gel electrophoresis unit
(Mini-Protean II; Bio-Rad Laboratories, Richmond, CA) at 15 mA, and
bands were stained with Coomassie Brilliant Blue R-250. Destaining was
performed using 40% methanol and 10% acetic acid. Densitometric
analysis was performed on all bands on the SDS-PAGE gels using the Gel
Imaging System (GelDoc XR+, Bio-Rad, USA).

2.5. Proteomic analysis of tilapia-soybean protein co-precipitates

2.5.1. Proteolysis of samples

Briefly, 100 pg of protein was added to a 1.5 mL centrifuge tube.
Then, add the enzyme solution with a ratio of Trypsin (ug) to substrate
protein of 1:20 (w/w). After vortexing, the mixture was incubated at
37 °C for 2 h. Next, the digested peptide solution was subjected to
desalting. Freeze-dry the desalted peptide solution and store it until
analysis.

2.5.2. Separation by liquid chromatographic

The peptide samples were dissolved in mobile phase A (2 % ACN, 0.1
% FA) and centrifuged at 20,000g for 10 min. The resulting supernatant
was injected into the sample and separated by liquid chromatography.
The sample was first enriched and desalted by a trap column, then
connected in series with a C18 column (75 pm inner diameter, 3 pm
particle size, 25 pm column length) at a flow rate of 300 nL/min for
liquid chromatography separation. The following gradient was used:
0-5 min, 5 % mobile phase B (98 % ACN, 0.1 % FA); 5-45 min, mobile
phase B linearly increased from 5 % to 25 %; 45-50 min, mobile phase B
increased from 25 % to 35 %; 50-52 min, mobile phase B increased from
35 % to 80 %; 52-54 min, 80 % mobile phase B; 54-60 min, 5 % mobile
phase B. Finally, the liquid phase was connected directly to the mass
spectrometer for subsequent experiments.

2.5.3. Mass spectrometry analysis

After separation by liquid chromatography, the peptides were
ionized by the nanoESI source and enter the Q-Exactive HF tandem mass
spectrometer for DDA (data-dependent acquisition) mode to detect the
full spectrum of proteins. The main parameter settings were as follows:
the ion source voltage was set to 1.9 kV; the primary mass spectrometer
scans at the range of 350-1600 m/z with a resolution of 60,000; the
secondary mass spectrometer with an initial m/z fixed at 100 and a
resolution of 15,000. Parent ions for secondary fragmentation were
screened based on charge (2+ to 6+), peak intensity (>10,000), and
ranking in the top 30. Ion fragmentation was performed using HCD, and
fragment ions were detected by Orbitrap. The dynamic exclusion time
was set to 30 s. The AGC settings were 3E6 for the first level and 1E5 for
the second level.

2.5.4. Bioinformatics analysis

Proteomics analysis involves converting raw mass spectrum data into
mass spectrum peak files, which are then searched for matches with
sequences in the database. In this study, all original mass spectrometry
data were first converted into MGF format using Proteome Discoverer in
the Thermo Scientific tool. The converted MGF file was then analyzed
using Mascot 2.3.02 (Matrix Science, https://www.matrixscience.com/)
to search the UniProt (https://www.uniprot.org/) protein sequence
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database and obtain the final protein identification results. The results
generated by the search engine were preprocessed with Percolator and
re-scored to improve the accuracy of correct matching and random
matching. Finally, GO and KEGG annotation analyses were performed
based on the credible protein identification results.

2.6. Statistical analysis

All experimental results were measured in triplicate or more. Sta-
tistical differences were analyzed using SPSS (V19.0, SPSS Inc., Chicago,
USA) following a one-way analysis of variance (ANOVA) and Duncan’s
Multiple Range tests (P < 0.05). The Pearson correlation method was
used for correlation analysis based on the normality test results. The
experimental results were expressed as mean + standard deviation
(Mean =+ SD) unless otherwise specified.

3. Results and discussion
3.1. Physicochemical properties of tilapia-soybean protein co-precipitates

3.1.1. Basic composition

The basic components of TPI, TSPC with different mass ratios of TPI
and SPI, and SPI were showed in Table S1. The crude protein content of
TPIL, TSPC, and SPI was more than 90 %, indicating high purity. The
crude protein content of TSPC was found to be between that of TPI and
SPI, which is consistent with previous research on protein co-precipitats
(Youssef, Abu-Foul, & Moharram, 1995). Foods with high protein con-
tent can better meet the human body’s amino acid requirements, and the
high protein content of TSPC suggests its potential as a base material for
food. TPI had a slightly higher crude fat content than SPI, while TSPC
was between TPI and SPI in terms of ash content. The moisture content
of all protein samples was less than 1 %, indicating that the storage
conditions were suitable for research purposes. Moreover, TSPC can be
easily prepared through a simple alkali dissolution-isoelectric precipi-
tation process, which suggests its potential for widespread use in the
food industry.

3.1.2. The solubility of protein co-precipitates

Protein solubility is a critical index that can affect many functional
properties of proteins for use in beverages, formula and as an indicator
of protein changes during food processing (Zhu et al., 2010). Therefore,
the solubility of TSPCs obtained through alkaline extraction and iso-
electric precipitation at pH 7.0 was studied. As shown in Fig. 1A, the
solubility of TSPCs was 40 % higher than that of TPI. The highest and
lowest solubility of TSPCs were 81.90 % of TSPC;.3 and 52.25 % of
TSPCs.1, respectively. These results suggest that the extraction method
of protein co-precipitates altered the solubility of the raw material
proteins. Furthermore, protein solubility is correlated with amino acid
composition (Niu et al., 2012). There was no significant increase in
solubility between TSPCy.; and TSPCs.1, which may be due to the similar
amino acid content of aspartic acid and glutamic acid. Similarly, TSPC;.3
and TSPC; .5 did not show significant increases in solubility, which may
be due to the similar amino acid content of lysine and histidine. These
results are consistent with our previous research, which found no sig-
nificant difference in solubility between TSPC;.; and TSPCo.; at pH 7.0
due to the influence of protein molecule structure (Tan et al., 2019).
Overall, the higher solubility of TSPCs suggests their potential for use in
the food and beverage industry.

3.1.3. The thermal stability of protein co-precipitates

Thermal properties can reflect the chemical composition and struc-
ture of protein polymers. Fig. 1B shows the change in the thermal
denaturation temperature of TSPCs. The thermal denaturation temper-
ature of TPI and SPIis 76.63 °C and 91.63 °C, respectively. TSPCs exhibit
higher thermal stability than TPIL, with the thermal denaturation tem-
perature significantly increasing from 84.63 °C for TSPCs.; to 90.30 °C
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100 (A)

Solubility(%)

TPI  TSPC,, TSPC,, TSPC,, TSPC,, TSPC,; SPI
Protein types

100 - (B)

Temperature ('C)

TPI  TSPC,;, TSPC,, TSPC,, TSPC,, TSPC,; SPI
Protein types

Fig. 1. The solubility (A) and thermal stability (B) of tilapia protein isolate
(TPI), tilapia-soybean protein co-precipitates (TSPCs), and soybean protein
isolate (SPI). Different letters within the same figure indicate significant dif-
ferences (P < 0.05).

for TSPCy.3. These results suggested that the thermal stability of TSPCs
was improved due to the introduction of soybean protein. Some re-
searchers have reported that the thermal stability of proteins can be
influenced by their amino acid composition, with methionine having a
disadvantageous effect (Yokot et al., 2006). The reduced content of
methionine in TSPCs compared to TPI may have contributed to their
improved thermal stability. Moreover, studying the solid-state behavior
of TSPCs can help us better understand their stability during storage and
predict their thermal behavior in various food processing systems, such
as pasteurization, for potential applications in pasta (Goes et al., 2016)
and other food products.

3.2. Nutritional properties of protein co-precipitates

3.2.1. The amino acid composition of protein co-precipitates

Table S2 showed that TPI and SPI had significantly different levels of
amino acids, including sulfur amino acids and aromatic amino acids (P
< 0.05), which is consistent with previous studies indicating that TPI has
high levels of essential amino acids, while SPI has higher levels of non-
essential amino acids (Shaheen et al., 2016; Chamba et al., 2015). In
contrast, TSPCs maintained a balanced amino acid composition similar
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to that of TPI and SPI. Furthermore, TSPCs had higher contents of
phenylalanine, tryptophan, serine, proline compared to TPI and threo-
nine, methionine, lysine, alanine compared to SPI. Notably, TSPC,.; and
TSPC;.1 had the highest levels of tryptophan, aspartic acid, glycine, and
histidine relative to TPI and SPIL These findings are consistent with a
previous study on double protein components, which reported higher
amino acid compositions in the protein components than in the raw
materials (Wang, Xu, Chen, Zhou, & Wang, 2018). Moreover, TSPCy.;
and TSPCy.; had the highest total amino acid levels among all the TSPC
proportions tested. These results suggest that TSPCy.; and TSPC;.; have a
superior amino acid profile and could serve as a daily protein substitute.
The high amino acid contents of TSPCs is crucial for the Asian popula-
tion to achieve dietary balance and supplement limited amino acids.
Furthermore, studies have shown that pasta mixed with fish powder and
durum wheat semolina can improve nutraceutical and nutritional po-
tential (Desai, Brennan, & Brennan, 2018). Therefore, TSPCs containing
tilapia and soybean proteins could yield products with exceptional
nutritional value.

The amino acid composition was analyzed to determine the ratios of
amino acids. As shown in Table S2, the amino acid ratios of TSPCs
exhibited irregular patterns. TSPCy.; and TSPC;.; had a higher amount
of essential amino acids, with 30.24 and 29.71, respectively, compared
to SPI. The amount of non-essential amino acids in TSPCo.; and TSPC;.;
was also higher than that of TPI, with 49.27 and 49.62, respectively.
These results suggest that TSPCy.; and TSPCy.; have a higher nutritional
value compared to other TSPC proportions. Furthermore, the ratios of
essential amino acids to total amino acids and essential amino acids to
non-essential amino acids were higher in TSPCs than in SPI. This is
consistent with previous research showing that the amino acid compo-
sition of protein co-precipitates was higher than raw protein isolates
(Youssef et al., 1995). Overall, TSPCs prepared by mixing tilapia and
soybean can compensate for the lack of most non-essential amino acids
in TPI and the lack of most essential amino acids in SPI, which may have
a positive effect on the body’s nitrogen balance.

3.2.2. The AAS of protein co-precipitates

The AAS is used to determine the effectiveness of dietary nitrogen
absorption in meeting essential amino acid requirements at a safe level
of protein intake. According to Table 1, the first limiting amino acids of
TPI, TSPCs, and SPI were valine, valine, and methionine, respectively.
This finding is consistent with previous research that identified valine or
methionine as the limiting amino acid in tilapia and soybean protein.
Additionally, TSPC;.; had the best amino acid profile among other
TSPCs and can meet human nutritional requirements. The AAS of
threonine, valine, methionine, isoleucine, leucine, lysine, tryptophan,
and histidine in TSPCy.; was higher than that of SPI, with an AAS
exceeding 100. Interestingly, TSPC;.; showed the highest AAS of tryp-
tophan and histidine compared to TPI and SPI. This result is similar to

Table 1
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previous research that found higher protein scores in soybean-whey and
cottonseed-whey co-precipitates compared to individual protein pre-
cipitates. Overall, TSPCs can result in a full complement of essential
amino acids and enhance overall nutritional value compared to tilapia
and soybean.

3.2.3. The IVPD of protein co-precipitates

In this experiment, in vitro simulated gastrointestinal digestion ex-
periments were used to calculate the IVPD of TSPCs, which was found to
be higher than that of SPI (80.89 %), as shown in Table 1. The increase in
tilapia proportion in raw materials led to a gradual increase in IVPD of
TSPC (P < 0.05), which is due to the greater digestibility of fish protein
compared to soy protein (University & Organization, 2007). Protein
with high digestibility can result in higher amino acid levels after
digestion, enhancing nutritional value. However, higher protein di-
gestibility has been linked to lifestyle diseases (Yang et al., 2012). The
IVPD of TSPCs was between that of TPI and SPI, which may be more
beneficial to health. Furthermore, digestibility is closely related to the
amino acid composition of the protein. The ratio of arginine to lysine has
been shown to affect the digestibility of rice protein (Yang et al., 2012).
According to the data in Table S2, the content of ratio arginine to lysine
of TPI, TSPC3.1, TSPCy.1, TSPCy.1, TSPCy.0, TSPCy.3, and SPI was 0.61,
0.82, 0.93, 0.96, 1.03, 1.08, and 1.17, respectively. Therefore, the
higher IVPD of TSPC compared to SPI may be due to the decreased
number of peptide bonds between arginine and lysine required for
digestion in TSPCs.

3.2.4. The PDCAAS of protein co-precipitates

Assuming that the amino acid profile can be used to determine the
efficiency of absorbed dietary nitrogen, the PDCAAS should be used to
predict the biological value of a protein. The calculated PDCAAS, based
on food protein digestibility and amino acid score, has been widely used
to evaluate the protein quality of food products (University & Organi-
zation, 2007). As shown in Table 1, TSPCs consistently had a higher
PDCAAS than SPI (0.70), which is similar to previous reports where the
PDCAAS of SPI was 0.77 and 0.63 (Chamba et al., 2015). Among the
different TSPC proportions, TSPCy.; had the highest nutritional value
with a PDCAAS of up to 0.86. This value is comparable to the nutritional
quality of beef protein, which has a PDCAAS of 0.92. In contrast, kidney
beans have a PDCAAS of 0.68, and egg whites have a PDCAAS of 1.0
when used for food proteins. Therefore, TSPCs have a high nutritional
quality and could be a suitable nutritional supplement in the food
industry.

3.2.5. SDS-PAGE of protein co-precipitates

The protein subunits’ contributions to format protein co-precipitates
were analyzed using SDS-PAGE. Fig. 2 depicts the SDS-PAGE pattern of
TPIL, TSPCs, and SPI. TPI exhibited bands of MHC, AC, TM a4, TnT, and

Comparison of AAS, IVPD and PDCAAS of tilapia protein isolate (TPI), tilapia-soybean protein co-precipitates (TSPCs), and soybean protein isolate (SPI). AAS was
amino acid score; IVPD represented in vitro protein digestibility; PDCAAS indicated protein digestibility corrected amino acid score.

Items TPI TSPCs TSPCyq TSPCy TSPCy.» TSPCy.3 SPI
Amino acid Reference * (mg/g) AAS (%)

Thr 23 163 132 137 132 119 123 116

Val 39 113 98 99 101 94 98 96

Met 16 214 135 106 111 9% 98 87

Tle 30 149 127 130 128 118 126 124

Leu 59 130 108 110 107 98 104 103

Phe + Tyr 30 234 236 226 225 225 240 254

Lys 45 192 138 142 130 116 118 112

Trp 6 137 155 152 185 162 172 172

His 15 152 141 128 161 154 156 160

IVPD (%) 96.62 + 0.71° 86.60 + 1.72° 85.61 + 0.53" 85.48 + 0.64° 83.55 + 0.64° 82.69 + 0.64° 80.89 + 0.75°
PDCAAS 1.09 0.85 0.85 0.86 0.78 0.81 0.70

Different letters in the same amino acid indicate significant differences between the data (P < 0.05).

# WHO/FAO/UNU amino acid requirements of adult.
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Fig. 2. SDS-PAGE of TPI, TSPCs, and SPI. Lanes 1 and 9 represent standard
samples; Lane 2 represents TPI; Lane 8 represents SPI; Lanes 3, 4, 5, 6, 7,
represent different proportions of proteins co-precipitates (TSPCs.;, TSPCy.1,
TSPCy.1, TSPCy.5, TSPCy.3); MHC indicates myosin heavy chain; AC indicates
actin; TM «; indicates tropomyosin fragment; TnT indicates troponin T; MLC
indicates myosin light chain.

MLC, which are common tilapia proteins (Yongsawatdigul & Piyad-
hammaviboon, 2007). SPI had bands of p-conglycinin and glycinin,
which are common in soybean proteins (Li et al., 2018). TSPCs showed
protein bands observed in both TPI and SPI, indicating that most sub-
units from both proteins were included in the protein co-precipitates.
Similar results were reported for whey-soy protein co-precipitates
(Alu’datt et al., 2012). With an increase in soybean proportion in raw
materials, the contents of myosin heavy chain and actin in TSPCs
gradually decreased, and f-conglycinin and glycinin increased
(Table S3). Soybean protein has excellent solubility and thermal sta-
bility, making it suitable for food heat processing (Ricci et al., 2018).
The SDS-PAGE assay confirmed that TSPCs had higher solubility and
thermal stability than TPI (Fig. 1). However, soybean globulin’s p-con-
glycinin was not conducive to protein digestion (Yang et al., 2016). The
changes in protein subunit suggested that the IVPD of TSPCs was be-
tween TPI and SPI. Overall, the protein co-precipitates contained sub-
units from both original protein sources, indicating that TSPCs’
preparation effectively modified tilapia and soybean proteins to enhance
their potential applications. These results agree with previous observa-
tions that two protein components from different sources can be inte-
grated into a novel protein with improved nutritional and functional
properties (Wang et al., 2018).

3.2.6. Correlation analysis between nutritional quality and molecular
structure

The IVPD of TSPCs was found to be between TPI and SPI, which may
due to the combination effect of amino acid compositions and protein
subunits (the proportion of protein subunits occupied by SDS-PAGE gel
was shown in Table S3). Table S4 illustrates the correlation coefficients
of the effects of amino acids and protein subunits on protein di-
gestibility. The digestive qualities of proteins are affected by their amino
acid compositions, as trypsin specifically hydrolyzes peptide bonds be-
tween lysine and arginine. The correlation analysis revealed that the
lysine to arginine ratio had a significant effect on protein digestibility (R
= —0.962, P < 0.01). This result confirmed that the IVPD of TSPCs was
higher than that of SPI. Our findings agreed with previous research,
which found that the digestibility of rice protein was closely related to
the ratio of arginine to lysine (Yang et al., 2012). Moreover, the p-con-
glycinin of SPI was negatively correlated with protein digestibility, with
the § subunit showing the greatest correlation (R = —0.971, P < 0.01).
Researchers have reported that the p subunit of p-conglycinin required a
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longer time for complete digestion than the o’ subunit and a subunit
(Sadeghi, Nikkhah, Shawrang, & Shahrebabakb, 2006). Therefore, the
digestibility of the five proportions of TSPCs was significantly higher
than that of SPL

3.3. Proteomics of protein co-precipitates

3.3.1. Proteins identification

It was found that TSPC;.; had the highest nutritional quality among
the five different ratios of tilapia-soybean protein co-precipitates.
Therefore, follow-up omics studies will focus on TSPCy.;. The protein
spectrum of TPI, TSPC;.;, and SPI was analyzed using proteomics
technology. A comparison was made between the protein types detected
in the three proteins. As depicted in Fig. 3, TPI had a total of 2222
proteins identified, SPI had a total of 5878 proteins identified, while
TSPC;.1; had 5092 proteins identified, which was between TPI and SPI.
TSPC;.; shared 859 and 3244 proteins with TPI and SPI, respectively,
while 989 proteins were only detected in TSPCj.;. These findings indi-
cate that the protein composition of TSPC;.; differed significantly from
that of TPI and SPI. Furthermore, the protein types in TSPC;.; were
much more diverse than those in TPI.

3.3.2. Gene Ontology (GO) functional annotation

All identified proteins were subjected to GO annotation based on the
three categories of biological process (BP), cellular component (CC), and
molecular function (MF). As shown in Fig. 4, TPI, TSPC;.1, and SPI were
found to participate in 11, 12, and 12 molecular functions, respectively.
Among them, TPI, TSPCy.;, and SPI shared 10 molecular functions.
Additionally, translation regulator activity was detected in both TPI and
TSPC;.; but not in SPI, while protein tag was identified in both TSPC;.;
and SPI but not in TPL These findings suggest that TSPC indeed in-
tegrates the molecular functions of TPI and SPI. Further analysis of the
molecular functions revealed that compared to TPI, TSPC had more
protein tags. Compared to SPI, TSPC had more translation regulator
activity but less nutrient reservoir activity.

TPI TSPC

SP1

Fig. 3. Venn diagram of identified proteins in TPI, TSPC,.;, and SPI.
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Regarding cellular components, TPI, TSPC;.;, and SPI were found to
participate in 17, 19, and 16 cellular components, respectively. Among
them, TPI, TSPCy.1, and SPI shared 15 cellular components. Further-
more, synapse and synapse part were annotated in both TPI and TSPC;.;
but not in SPI. Compared to TPIL, TSPC;.; participated in other organism
part and other organism cellular components. Compared to SPI, TSPC;.;
had more synapse, synapse part, other organism part, and other or-
ganism cellular components but less symplast. In addition, TSPC;.;
uniquely participated in other organism part and other organism cellular
components.

In terms of biological processes, TPI, TSPC;.1, and SPI were found to
participate in 26, 29, and 24 biological processes, respectively. Among
them, TPI, TSPC;.;, and SPI shared 22 biological processes. TSPC;.; and
TPI participated in behavior, cell killing, pigmentation, and presynaptic
process involved in chemical synaptic transmission that were not found
in SPI. On the other hand, carbon utilization and nitrogen utilization
were identified in both TSPC;.; and SPI but not in TPI. Compared to TPI,
TSPC; .1 participated in cell aggregation, carbon utilization, and nitrogen
utilization. Compared to SPI, TSPCy.; participated in cell aggregation,
behavior, cell killing, pigmentation, and presynaptic process involved in
chemical synaptic transmission. Additionally, TSPC;.; uniquely partici-
pated in cell aggregation. These results indicate that the preparation of
TSPC indeed enhanced the biological properties of both TPI and SPI.

3.3.3. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis

The KEGG pathway analysis was conducted to determine the meta-
bolic and signal transduction processes involved in the identified pro-
teins. As shown in Fig. 5, TPI, TSPCy.1, and SPI participated in 328, 401,
and 134 KEGG pathways, respectively. Due to the large number of KEGG
pathways involved in co-precipitated proteins, the top ten of KEGG
pathways were selected for further analysis. The proportions of proteins
involved in TPI, TSPCy.1, and SPI accounted for 50.81 %, 89.84 %, and
75.26 % of all pathways, respectively, with metabolic pathways being
the most important pathway for all three proteins. However, TSPC.;
showed significant differences between TPI and SPI in the number of
KEGG pathways involved, with 80 more pathways than TPI and 267
more pathways than SPI. These findings suggest that TSPC;.; can

A TPI TSPC

SPI
C

Metabolic pathways 1289
Biosynthesis of secondary metabolites
Biosynthesis of antibiotics

Microbial metabolism in diverse environments
Carbon metabolism

Ribosome

Biosynthesis of amino acids

Protein processing in endoplasmic reticulum
Glycolysis / Gluconeogenesis

RNA transport

Protein processing in endoplasmic reticulum

Protein processing in endoplasmic reticulum

0 300 600 900 1200 1500
Number of proteins
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participate in more biochemical metabolic and signal transduction
pathways, making it superior to TPI and SPI. Further analysis of the 45
KEGG pathways unique to TSPC;.; revealed that microbial biosynthesis
and microbial metabolism in different environments were the most
important metabolic pathways unique to TSPC;.;, with the proportions
of participating proteins being 33.48 % and 30.76 %, respectively. The
unique antibiotic biosynthesis pathway suggests that TSPCy.; differs
significantly from TPI and SPI in terms of disease resistance, drug
component generation, accumulation, and metabolism.

Various types of N-glycan biosynthesis (Figure S2) are an important
pathway for polysaccharide biosynthesis and belong to the biosynthesis
and metabolism of sugar in the KEGG metabolic pathway. This pathway
is related to the biosynthesis of resveratrol (Che, Shi, Gao, & Zhang,
2016) and the pharmacological effects of Cordyceps sinensis (Xin et al.,
2019). Therefore, It’s an important focus of functional food processing
and biomedicine research. Table S5 shows the types of TSPCy.; proteins
involved in the biosynthesis of various types of N-glycans, with Glyco-
s_transf_1 domain-containing protein and a-1,2-mannosidase (alpha-1,2-
Mannosidase) being among the 989 protein types unique to TSPCy.;
(Fig. 3). This uniqueness may explain why TSPC;.; exhibits specificity in
the biosynthesis of various types of N-glycans. These results suggest that
the differences in protein composition of TSPC.; lead to its participation
in unique biological pathways not found in TPI and SPI.

4. Conclusions

TSPCs were prepared effectively by the alkali dissolution-isoelectric
point precipitation method. The improved solubility and thermal sta-
bility confirmed that TSPCs can be widely used in food processing.
TSPC;.; had the highest nutritional value, as proved by the results of
amino acid composition, AAS, and PDCAAS. Interestingly, It has been
confirmed that the lysine-to-arginine ratio and f-conglycinin presented
substantial effects on protein digestibility. Proteomic analysis indicated
that TSPCj.; possessed enhanced biological properties compared to TPI
and SPI due to the 989 unique proteins identified. The improved phys-
icochemical properties, high nutritional quality, and excellent biological
characteristics make TSPC;.; a promising candidate for application as a
functional high-protein nutritional supplement in the food industry.

B Metabolic pathways 383

Carbon metabolism

Endocytosis
Pathways in cancer
Alzheimer disease
Huntington disease
Thermogenesis
Ribosome

PI3K-Akt signaling pathway
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0 50 100 150 200 250 300 350 400
Number of proteins

Metabolic pathways 1448

is of 'y

Carbon metabolism
Ribosome

Biosynthesis of amino acids

RNA transport
Spliceosome

Glycolysis / Gluconeogenesis

Starch and sucrose metabolism
L L L

0 500 1000 1500
Number of proteins

Fig. 5. Venn diagram of all KEGG pathways of different samples (A) and top ten KEGG pathway analysis of TPI (B), TSPCy.; (C), and SPI (D).
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