

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-2659-0
DOI 10.3389/978-2-8325-2659-0

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Animal-derived foods: Authenticity and traceability, quality and safety control

Topic editors

Hao Dong – Zhongkai University of Agriculture and Engineering, China

Yan Zhao – Chinese Academy of Agricultural Sciences (CAAS), China

Jinxuan Cao – Beijing Technology and Business University, China

Hongshun Yang – Jiangnan University (Shaoxing) Industrial Technology Research Institute, China

Citation

Dong, H., Zhao, Y., Cao, J., Yang, H., eds. (2023). Animal-derived foods: Authenticity and traceability, quality and safety control. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-2659-0





Table of Contents




Study on the physicochemical indexes, nutritional quality, and flavor compounds of Trichiurus lepturus from three representative origins for geographical traceability

Shitong Wang, Pingya Wang, Yiwei Cui, Weibo Lu, Xuewei Shen, Huimin Zheng, Jing Xue, Kang Chen, Qiaoling Zhao and Qing Shen

Origin of static magnetic field induced quality improvement in sea bass (Lateolabrax japonicus) during cold storage: Microbial growth inhibition and protein structure stabilization

Li Tong, Haiqing Tang, Jingyi Chen, Shangyuan Sang, Ruiping Liang, Zhepeng Zhang and Changrong Ou

Real-time qPCR for the detection of puffer fish components from Lagocephalus in food: L. inermis, L. lagocephalus, L. gloveri, L. lunaris, and L. spadiceus

Xinying Yin, Ranran Xing, Zhiru Li, Bing Hu, Lili Yang, Ruijie Deng, Jijuan Cao and Ying Chen

Biological function, mediate cell death pathway and their potential regulated mechanisms for post-mortem muscle tenderization of PARP1: A review

Rong Li, Ruiming Luo, Yulong Luo, Yanru Hou, Jinxia Wang, Qian Zhang, Xueyan Chen, Lijun Hu and Julong Zhou

Effects of hydrodynamic cavitation on physicochemical structure and emulsifying properties of tilapia (Oreochromis niloticus) myofibrillar protein

Yucheng Hou, Xian’e Ren, Yongchun Huang, Kun Xie, Keyao Wang, Liyang Wang, Fengyan Wei and Feng Yang

Geographical traceability of gelatin in China using stable isotope ratio analysis

Shuang Li, Di Jiang, Jinglin Li, Yuhua Ma, Jian Yao, Lin Du, Yisheng Xu and Yuan Qian

Effect of compound dietary fiber of soybean hulls on the gel properties of myofibrillar protein and its mechanism in recombinant meat products

Song-Shan Zhang, Jun-Ya Duan, Teng-Teng Zhang, Meng Lv and Xiao-Guang Gao

Rise and metabolic roles of Vibrio during the fermentation of crab paste

Tian-Han Xiong, Ce Shi, Chang-Kao Mu, Chun-Lin Wang and Yang-Fang Ye

Effects of donkey milk on UVB-induced skin barrier damage and melanin pigmentation: A network pharmacology and experimental validation study

Anqi Li, Hailun He, Yanjing Chen, Feng Liao, Jie Tang, Li Li, Yumei Fan, Li Li and Lidan Xiong

Improvement of muscle quality in tilapia (Oreochromis niloticus) with dietary faba bean (Vicia faba L.)

Qingqing Li, Yao Huang, Xingqian Zhang, Cuiyun Zou and Li Lin













	 
	

	TYPE Original Research
PUBLISHED 01 November 2022
DOI 10.3389/fnut.2022.1034868





Study on the physicochemical indexes, nutritional quality, and flavor compounds of Trichiurus lepturus from three representative origins for geographical traceability

Shitong Wang1†, Pingya Wang2†, Yiwei Cui1, Weibo Lu1, Xuewei Shen1, Huimin Zheng1, Jing Xue1, Kang Chen1*, Qiaoling Zhao2* and Qing Shen1*

1Collaborative Innovation Center of Seafood Deep Processing, Zhejiang Province Joint Key Laboratory of Aquatic Products Processing, Institute of Seafood, Zhejiang Gongshang University, Hangzhou, China

2Zhoushan Institute of Food & Drug Control, Zhoushan Institute of Calibration and Testing for Quality and Technology Supervision, Zhoushan, China

[image: image]

OPEN ACCESS

EDITED BY
Yan Zhao, Chinese Academy of Agricultural Sciences (CAAS), China

REVIEWED BY
Yongkang Luo, China Agricultural University, China
Lei Qin, Dalian Polytechnic University, China

*CORRESPONDENCE
Kang Chen, chenkangfood@163.com
Qiaoling Zhao, zs_qlzhao@163.com
Qing Shen, leonqshen@163.com, sq@zjgsu.edu.cn

†These authors have contributed equaly to this work

SPECIALTY SECTION
This article was submitted to Food Chemistry, a section of the journal Frontiers in Nutrition

RECEIVED 02 September 2022
ACCEPTED 13 October 2022
PUBLISHED 01 November 2022

CITATION
Wang S, Wang P, Cui Y, Lu W, Shen X, Zheng H, Xue J, Chen K, Zhao Q and Shen Q (2022) Study on the physicochemical indexes, nutritional quality, and flavor compounds of Trichiurus lepturus from three representative origins for geographical traceability.
Front. Nutr. 9:1034868.
doi: 10.3389/fnut.2022.1034868

COPYRIGHT
© 2022 Wang, Wang, Cui, Lu, Shen, Zheng, Xue, Chen, Zhao and Shen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Trichiurus lepturus (hairtail) is an important economic component of China’s marine fishing industry. However, due to the difficulty in identifying the appearance of hairtail from different geographical distributions, hairtails with geographical indication trademarks were imitated by general varieties. In this study, the texture characteristics, color, basic nutrients, amino acids, mineral, fatty acids, and volatile flavor substances were used as indicators for multivariate statistical analysis to determine whether three origins of hairtails from the habitats of Zhoushan (East China Sea, T.Z), Hainan (South China Sea, T.N), and Qingdao (Yellow Sea, T.Q) in the market could be distinguished. The findings revealed that there were significant differences in amino acids composition, mineral composition, fatty acid composition in lipids, and volatile flavor substances among the hairtails of three origins (P < 0.05), but no differences in color, texture, protein content. T.Z had moisture, crude fat, essential amino acids (EAA), flavor amino acids (FAA), unsaturated fatty acids (UFA), and docosahexaenoic acids and dicosapentaenoic acids (ΣEPA + DHA) contents of 74.33, 5.4%, 58.25 mg⋅g–1, 46.20 mg⋅g–1, 66.84 and 19.38%, respectively, and the contents of volatile alcohols, aldehydes and ketones were 7.44, 5.30, and 5.38%, respectively. T.N contains moisture, crude fat, EAA, FAA, UFA and ΣEPA + DHA as 77.69, 2.38%, 64.76 mg⋅g–1, 52.44 mg⋅g–1, 65.52 and 29.45%, respectively, and the contents of volatile alcohols, aldehydes and ketones as 3.21, 8.92, and 10.98%, respectively. T.Q had the contents of moisture, crude fat, EAA, FAA, UFA, and ΣEPA + DHA 79.69, 1.43%, 60.9 mg⋅g–1, and 49.42 mg⋅g–1, respectively. The contents of unsaturated fatty acid and ΣEPA + DHA were 63.75 and 26.12%, respectively, while the volatile alcohols, aldehydes, and ketones were 5.14, 5.99, and 7.85%, respectively. Partial least squares-discriminant analysis (PLS-DA) multivariate statistical analysis showed that volatile flavor compounds could be used as the most ideal indicators for tracing the source of hairtail. In conclusion, the findings of this study can distinguish the three hairtail origins using some basic indicators, providing ideas for hairtail geographical identification.

KEYWORDS
Trichiurus lepturus, geographical traceability, nutritional components, fatty acid, volatile flavor substances


Introduction

Under the pressure of high intensity fishing and the global decline of marine fishery resources, Chinese Trichiurus lepturus (hairtail) has maintained high yield, ranking first in the output of single species of marine fishing in China. According to a World Food and Agriculture Organization (FAO) statistical survey, the average annual output of the world’s hairtail from 2005 to 2016 was as high as 1.31 million tonnes, with approximately 80 percent caught in China’s oceans.

Chinese hairtail is distributed in the Yellow Sea, East China Sea, Bohai Sea and South China Sea, among which Zhoushan hairtail (Trichiurus japanicus, T.Z) in the East China Sea, Qingdao hairtail (Trichiurus japanicus, T.Q) in the Yellow Sea and Nanhai hairtail (Trichiurus nanhaiensis, T.N) in the South China Sea are the most prevalent in the market in China. China’s sea area is vast and the water quality conditions such as temperature, salinity, water mass, dissolved oxygen, substrate type, and feed organisms, varies from sea to sea, so the quality of hairtail caught in different sea areas will also vary (1). The population of T.Z is distributed along the mixed waters of the coastal water system, the Taiwan warm current, and the Yellow Sea cold water mass, and the continuous injection of continental current brings a large amount of plankton and seawater nutrients to the habitat. Taking these factors into account, T.Z have been considered preferable in fish quality and taste compared to those from other regions, and it has become the owner of China’s first seafood geographical indication certification trademark. However, due to the morphology of hairtail is complex and changeable, and the differences in fishing season, location, growth stage and sample specifications, the morphological identification may get wrong results. In addition, the commercial hairtail is mostly sold in the form of a segment, which further aggravates the difficulty of traceability of hairtail. This phenomenon can lead to seafood fraud, and the consequences of intentional species substitution and mislabeling may lead to some illegal profiting behaviors (2), which damages the interests of consumers. Therefore, necessitating research into product-specific and generic analytical fish product traceability systems (3).

There have been some detecting methods established for authenticating seafood traceability and identificating seafood mislabeling and fraud. Emerging techniques for seafood authentication include polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP), real-time PCR, droplet digital PCR, isothermal amplification, PCR-enzyme-linked immunosorbent assay (ELISA), and high-throughput or next-generation sequencing (4, 5). However, the classification accuracy would be unpredictable for genotypic methods due to the DNA contamination or analytes complexity. Recently, lipidomics method has been proven to be an effective tool for seafood provenance due to the unique lipid profile of each source organism (6). Yu et al. reported that lipidomics fingerprints, detected by hydrophilic interaction chromatography/mass spectrometry (HILIC/MS), of rainbow trout and two salmons were distinct and specific (7). Lu et al. established an in situ and real-time authentication method that used iKnife rapid evaporative ionization mass spectrometry (REIMS) based lipidomics for distinguishing the seven shrimp species (8). Electronic-nose (e-nose) sensor technology have been primarily used for the purposes of detection, discrimination and recognition of simple and complex gaseous mixture, which has great potential in the application of seafood traceability. Karunathilaka et al. evaluated an e-nose sensor in combination with support vector machine (SVM) modeling for predicting the decomposition state of four types of shllets (9). Wu et al. conducted qualitative and quantitative analyses of flavor substances in fresh hairtail, traditional, and fermented dried hairtail using an electronic nose and headspace solid-phase microextraction (HS-SPME-GC-MS) (10). However, detection instruments for these technology are expensive and not easy to get access, moreover, the data analysis is time-consuming. The solution to the traceability problem of hairtail caught from different sources in the Chinese market has not been reported. There are currently no relevant reports that distinguish different regions hairtail based on basic biological and chemical parameters.

In this study, three different geographic groups of hairtail, including T.Q, T.Z, and T.N were collected and their textural characteristics, color, nutritional components, amino and volatile flavor substances were compared to obtain a comprehensive and systematic understanding of the basic characteristics and nutritional values of hairtail from different origins. Besides, the classification ability of these indicators for the three origin hairtail was compared by multivariate statistical analysis, providing the optimal ideas for tracing to the source of fishing.



Materials and methods


Materials and reagents

As shown in Figure 1, in order to ensure the authenticity of the hairtail, all the hairtail purchased in this experiment were complete hairtail transported by the cold chain. Zhoushan hairtail was purchased from the aquatic products business department of Zhoushan Putuo Jimei (Zhoushan, Zhejiang). Qingdao Hengjie Agricultural Products Co., Ltd. supplied Qingdao hairtail (Qingdao, Shandong). Hainan hairtail was bought from Hainan Wanyue Trading Co., Ltd. (Haikou, Hainan). Merck provided chromatography-grade acetonitrile, chloroform, and methanol (Darmstadt, Germany). Anpel Laboratory Technologies Inc. provided the standard mixture of 37 fatty acid methyl esters (FAMEs) (Shanghai, China). Sinopharm Chemical Reagent Co., Ltd. provided the other analytical grade chemicals and solvents (Shanghai, China).
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FIGURE 1
External morphology of three origin hairtail.




Determination of color difference value

A Hunter Lab colorimeter was used to measure the fish color difference values (Lab value) of hairtail lateral lines in the front, middle, and back positions (Colorquest II, Hunter Associates Laboratory Inc., Reston, VA, USA). The hairtail were dissected and skinned, and the muscles (3 × 3 × 2 cm) above the fish’s anterior, middle, and posterior lateral lines were cut to measure the color difference (Lab value), with the average value of the three parts used as the result.



Texture profile analysis

Texture profile analysis (TPA) was performed with a texture analyzer (TA-XT2i, Stable Micro System, UK) and a TMS P5 flat bottom cylindrical probe, and the samples’ norm was 2 × 2 × 2 cm above the lateral line. Pre-test rate was 1 mm⋅s–1; test rate was 1 mm⋅s–1; post-test rate was 1 mm⋅s–1; deformation rate was 60%; time internal was 5 s; initial test force was 0.01 N; data collection rate was 200 pps. Parallel experiments were carried out with six fish tails per group.



Determination of water, ash, mineral, crude protein, crude fat, and amino acid contents

Muscle water content was determined using the direct drying method, as specified in GB5009.3–2016. The ash content was determined in accordance with GB5009.4–2016, using the muffle furnace burning method. The crude protein content was determined using an automatic Kjeldahl nitrogen analyzer in accordance with GB5009.5–2016. Soxhlet extraction method for determining crude fat content in accordance with GB5009.6–2016. Mineral content was determined using inductively coupled plasma optical emission spectroscopy (ICP-OES) in accordance with GB5009.268–2016, and the dry digestion method was used for pretreatment. The hydrolysis amino acid method was used to determine the amino acid content in accordance with GB 5009.124–2016.



Analysis of fatty acids

A modified Folch method (11) was used to extract lipids. In a nutshell, 10 g of minced fish was accurately weighed and distributed in a mixture of chloroform and methanol (30 mL, 2:1, v/v) and distilled water (10 mL), which was then immersed in sonication (53 Hz, 350 W) for 20 min at room temperature. The mixture was then separated into two phases by centrifugation at 8000 rpm for 10 min (Thermo Scientific, Waltham, MA, USA). To remove organic reagents and obtain crude lipids, the lower organic phase was rotary evaporated at 70°C.

Fatty acid methyl esters (FAMEs) were created by esterifying crude lipids (12). In particular, 0.1 g of fish oil was precisely weighed and mixed with a 5 mL potassium hydroxide-methanol solution in a stoppered test tube at 65°C for 20 min. After naturally cooling to room temperature, boron trifluoride-methanol (700 μL, 55–60%) was added to shake at 65°C water bath for 3 min before being removed and naturally cooled to room temperature after 10 min of ultrasonication. The mixture was then extracted and washed with hexane (2 mL) and saturated sodium chloride solution (2 mL). After standing the layers, the supernatant was aspirated, and a small amount of anhydrous sodium sulfate was added to remove the water. For gas chromatography, the supernatant was filtered through a 0.22 μm organic filter (GC).

The FAMEs were analyzed using an Agilent model 7890A capillary GC instrument with an HP-88 capillary column (Agilent Technologies Co. Ltd., Santa Clara, CA, USA) (100% cyanopropyl polysiloxane; 30 m × 0.25 mm, 0.2 μm membrane, Agilent Technologies Co. Ltd). Each time, high-purity nitrogen was used as the carrier gas, with a flow rate of 0.65 mg⋅min–1 and a sample volume of 1 μL. The temperature of the flame ionization detector (FID) was set to 250°C, and a gradient heating procedure was used. The temperature was set to 25°C for 5 min, then ramped to 120°C at a rate of 15°C per minute for 1 min, then to 175°C at a rate of 5°C per minute for 5 min, and finally to 220°C in 5 min and held for 5 min (7).



Determination of flavor substances

The volatile compounds in the three samples were analyzed using a headspace solid-phase microextraction gas chromatography-mass spectrometry (HS-SPME-GC/MS) with a TR-35MS elastic capillary column (30 m × 0.25 mm I.D., 0.25 μm film, Agilent Technologies Co. Ltd., DE, USA). The 4 g sample was placed in a 15 mL headspace vial and balanced in a water bath at 60°C for 20 min. The volatile was then adsorbed for 30 min with a divinylbenzene/carboxyl/polydimethylsiloxane (DVB/CAR/PDMS) extraction head and desorbed in a syringe (250°C, 1 min) at a flow rate of 1 mg⋅min–1 of helium (99.99%). The gradient procedure was set as follows: the initial temperature was 40°C, which was maintained for 3 min, then increased to 90°C at 5°C⋅min–1 which was maintained for 7 min, then continuously increased to 230°C at 20°C⋅min–1 which was maintained for 7 min. Electron bombardment ionization mode 70 eV, source temperature 250°C, interface temperature 280°C, and mass scanning range 33–450 m/z were the mass spectrometry conditions. Quantitative analysis with peak area normalization was used to calculate the relative content of each chemical component.



Statistical analysis

The experimental data were imported into Microsoft Excel 2016 (Microsoft Corp., Redmond, WA, USA), mean and standard deviation analysis were performed using SPSS version 26 (SPSS Inc., Chicago, IL, USA) that corresponding figures were drawn using OriginPro 2021 (OriginLab Corp., Northampton, MA, USA), and multivariate statistical analysis were processed at https://dev.metaboanalyst.ca/MetaboAnalyst/. When the difference was analyzed using one-way ANOVA, normality, equal variance, and post hoc Duncan’s multiple range tests, P < 0.05 was considered statistically significant.




Results and discussion


Color

The color of fish is the result of long-term natural selection and adaptation to the ecological environment, and it is an essential criterion for assessing the freshness, quality, and acceptability of fish (13). Color can be used to identify hairtail in different sea areas and reflect the variation of their habitat environment to some extent. Therefore, the color of hairtail was studied, and the findings are shown in Table 1. The values of lightness (L*), redness (a*), and yellowness (b*) were obtained by employing a colorimeter with the aim of defining the surface color of the muscle sample. T.Q had the highest L* value (52.33) among these three hairtail samples, which was significantly higher (P < 0.05) than that of T.N. This could be explained by the high water content (79.64%) of muscle above the lateral-line of T.Q. Although T.Z has the lowest moisture content (74.81%) of the three hairtail samples, its high levels of oil content (5.38%) increased the intensity of light reflection from the muscle surface, which can explain why there is no statistically significant (P > 0.05) difference in the brightness of T.Z moisture. The a* values of hairtails were on a negative scale ranging from –1.71 (T.Z, control) to –1.52 (T.N, control), and the effect of sample origin was not statistically significant (P > 0.05). When compared to T.Z (4.44), the b* values of T.N (3.98) and T.Q (3.87) decreased significantly (P < 0.05). This variation could be attributed to the higher fat content of T.Z-fed nutrients, which promotes the absorption of pigments like astaxanthin and lutei (14, 15). Finally, the above findings demonstrated that the color of fish is not only determined primarily by genetic genes but is also closely related to its living environment and nutritional status.


TABLE 1    The color parameters of hairtails of the three origins.
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TPA

TPA is a compression method that is widely used in the determination of food texture, which is an important index for assessing fish freshness and sensory quality. Its theory is to simulate the occlude action of the human mouth cavity by squeezing the sample twice with the texture analyzer probe, hence the name “Two-bite test” (16). The advantage was that it could record the correlation between time and force using mechanical experiments on hairtail samples and obtain multiple physical properties at once, such as hardness, springiness, gumminess, and chewiness, as shown in Table 2. T.Q lump had the highest hardness (5.83 N) compared to T.Z (5.16 N) and T.N (4.34 N), but sea area difference had no significant (P > 0.05) effect on the hardness of these hairtails. This result was consistent with the findings of Ayala (17) that hairtail movement ability was similar in the three living environments, resulting in similar muscle fiber diameter and arrangement, and then similar hardness in macroscopically. When it comes to cohesiveness, there were differences in the binding ability between muscle cells due to the three origin hairtail’ homologous motor ability, which revealed that the cohesiveness of T.Z sample (0.44) was slightly better than that of T.Q sample (0.38), but this advantage is not obvious. In the term of springiness, sample T.Q (5.55 mm) was weaker (P < 0.05) than samples T.Z (6.72 mm) and T.N (7.64 mm). Springiness is the deformation of a sample caused by an external force that is restored after the force is removed. Among the three main components of fish (myofibrillar protein, sarcoplasmin, and myostromal protein), the myofibrillar protein contains a lot of actin and myosin, and the myostromal protein has a lot of elastin which affects the springiness of hairtail. Gumminess is the property of being cohesive and sticky, whereas chewiness is the sensory “bite” that is positively related to taste. Protein, moisture, and fat content all have an impact on the texture of fish. The higher the fat content of fish, the more chewable it is.


TABLE 2    Texture profile analysis of three type hairtail.
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Nutrition

Figure 2 depicts the basic nutrient composition values recorded for various hairtail samples. It is worth noting that the moisture and crude lipid content of the hairtail samples differed significantly. T.Q had the highest moisture percentage (79.69%). T.Z had the highest ash content (2.28%). The three samples had approximative protein percentages (17.03–17.59%). The protein content is thought to be determined by the species’ genetic characteristics and unaffected by diet (18). The crude lipid content of hairtail was highest in T.Z (5.40%), followed by T.Q (2.38%), while lowest in T.Q. (1.43%). Normally, increased fat in the fish causes a decrease in moisture content (19), so it seems reasonable to assume that the real differences between the three hairtail were primarily due to fat content variability. T.Z were fatter, whereas the other hairtail were leaner, with the former being preferred by the general consumer due to the great taste and high nutritional qualities found in fat fish.
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FIGURE 2
Hairtail muscle nutrient content from three different sources.




Amino acid

Amino acid content and composition are critical indicators for determining the nutritional value of proteins in foods (20). Table 3 shows the composition of 17 amino acids detected after acid hydrolysis of fish from three sources, with the exception of tryptophan, which was not detected because it is completely destroyed during protein acid hydrolysis. There were four flavor amino acids detected (aspartic acid, glutamate, glycine, alanine), seven essential amino acids detected (threonine, valine, methionine, phenylalanine, isoleucine, leucine, lysine), three half-essential amino acids detected (histidine, arginine, cystine), and three non-essential amino acids detected (serine, tyrosine, proline). T.N had a higher total amino acid content of 160.65 mg⋅g–1 than T.Q (141.41 mg⋅g–1) and T.Z (150.02 mg⋅g–1).


TABLE 3    The amino acids composition in muscle of hairtail (mg⋅g–1).

[image: Table 3]

T.N had the highest essential amino acid content (64.76 mg⋅g–1), half-essential amino acid content (24.56 mg⋅g–1), umami amino acid content (52.44 mg⋅g–1), and non-essential amino acid content (64.08 mg⋅g–1) when compared to the other two hairtail samples. Despite being geographically diverse, the ratio of essential amino acids to total amino acids in these hairtail samples was close to 0.41, which was consistent with the discovery of Xu et al. (21). in Zhoushan hairtail muscle and fully conformed to FAO/WHO standard requirements (nearly 0.40). The essential amino acid to non-essential amino acid ratio ranged from T.N (0.73) to T.Q (0.76), which was higher than the FAO/WHO reference protein value of greater than 0.60. In flavor amino acids, glutamic acid and aspartic acid were the most umami, with glutamic acid being the most umami in particular, whereas glycine and alanine were the sweetest. T.N sample had a higher content of flavorful amino acids (52.44 mg⋅g–1), with 20.12 mg⋅g–1 glutamate. However, the ratio of flavorful amino acids to total amino acids of the three hairtail samples was 0.33, indicating that these hairtail had a consistent sense of delicious taste.

Table 4 shows the amino acid score (AAS), chemical score (CS), and essential amino acid score (EAAI) calculated and evaluated using the FAO/WHO amino acid scoring standard model and the egg protein scoring standard model. According to the AAS model, the first limiting amino acid in hairtail muscle samples was valine, and the second limiting amino acid was threonine; similarly, the first and second limiting amino acids in hairtail muscle samples were valine and methionine + cystine, respectively. In other words, the valine, threonine, methionine, and cystine in hairtail muscle protein were deficient when compared to other essential amino acids. T.Z [72.68 mg⋅(g⋅pro)–1], T.N [78.93 mg⋅(g⋅pro)–1], and TQ [75.52 mg⋅(g⋅pro)–1] had slightly higher lysine content than egg protein mode [70 mg⋅(g⋅pro)–1], but significantly higher than FAO/WHO mode [55 mg⋅(g⋅pro)–1]. Because lysine is the first limiting amino acid in wheat, corn, and other cereals, eating hairtail can compensate for the lack of lysine, greatly improving protein digestion and absorption (16). T.N (82.72) had a higher EAAI value than T.Z (76.95) and T.Q (79.84), indicating that the overall essential amino acids in T.N protein were more in line with human nutritional requirements, which may be influenced by physiological state, culture environment, water area, and water salinity. Except for the first and second limiting amino acids, the AAS value of essential amino acids was all greater than one, demonstrating that the essential amino acid composition of these three origin hairtail was in a suitable proportion and the nutritional value was abundant.


TABLE 4    Essential amino acid content, AAS, CS, and EAAI in hairtail muscle (mg⋅(g⋅pro)–1).
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Mineral substance

Table 5 shows the concentrations of 12 essential mineral elements found in the muscle of hairtail. According to Afonso et al. (22) and Biandolino et al. (23), potassium, sodium, and phosphorus are the macrominerals with the highest concentrations in the three hairtail samples. In terms of the macroelements studied, potassium (3137.22 mg⋅kg–1), sodium (1633.34 mg⋅kg–1), and phosphorus (801.19 mg⋅kg–1) concentrations were significantly higher in T.N than in the other two varieties. T.Z (243.31 mg⋅kg–1) and T.N (296.17 mg⋅kg–1) had the lowest and highest calcium concentrations, respectively. Potassium is the most abundant intracellular ion in fish and is essential for fish physiology (e.g., muscle function and membrane potential) (24). These hairtail have a diverse diet, feeding on everything from plankton crustaceans to swimming animals, allowing them to accumulate minerals from a variety of sources. Plankton, for example, is expected to be a good source of phosphorus for upper trophic levels, whereas crustaceans and fish, respectively, are good sources of calcium and potassium (22, 25). Iron (37.63–26.36 mg⋅kg–1) and zinc (3.74–3.60 mg⋅kg–1) had the highest concentrations of the microelements studied. Copper was the least abundant mineral studied, with 0.35 mg⋅g–1 (T.Z), 0.32 mg⋅kg–1 (T.N), and 0.27 mg⋅kg–1 (T.Q), respectively. Mineral content differences in hairtail of different source have been attributed to a combination of specific characteristics and physiological requirements, diet composition, and mineral bioavailability in the surrounding environment (water and sediments) (26).


TABLE 5    Mineral content of three hairtail muscles (mg⋅kg–1, w/w).
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Fatty acid composition

The fatty acyl composition of the three hairtail samples was investigated to determine the effect of origin on fatty acid selectivity. The FAMEs were analyzed by GC after esterification; the characteristic chromatogram of each fatty acid molecular species is shown in Figure 3. Table 6 summarizes the detection and identification of 16 FAMEs. Overall, the most abundant fatty acid was oleic acid (C18:1) (26.38–28.86%). An OA-rich diet has been shown to improve inflammatory-related disorders, have anti-tumor activity, and lower hypercholesterolemia levels (27, 28). The trans fatty acid (TFA), associated with the increased risk of coronary heart disease and altered prostaglandin metabolism, was not observed in these fishes (29).


[image: image]

FIGURE 3
The representative GC chromatogram of hairtail muscle fatty acids.



TABLE 6    Hairtail muscle fatty acid composition from three different sources (%).
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For saturated fatty acid (SFA), it was similar in content and the main composition was palmitic acid (C16:0), myristic acid (C14:0), and stearic acid (C18:0). For monounsaturated fatty acid (MUFA), the major component of C18:1 in T.Z was slightly higher than the two others, which was in line with the situation of the content of MUFA, but the proportion in T.Z (40.97%) was prominently higher in T.N (34.10%) and T.Q (34.45%). For polyunsaturated fatty acids (PUFA), its proportion was varied in these fish, in the order of T.N (31.42%) > T.Q (29.30%) > T.Z (25.87%). Long-chain (≥ C20) omega-3 polyunsaturated fatty acids (LC-PUFA, e.g., EPA n-3 and DHA n-3) have health benefits against coronary heart disease, inflammatory diseases (e.g., rheumatoid arthritis and hypertension), some cancers as well as various mental disorders (e.g., schizophrenia, ADHD and Alzheimer’s disease), and essential for the nutrition in brain and retina development of infant (30). Docosahexaenoic acid (DHA n-3) and eicosapentaenoic acid (EPA n-3) were the major component of LC-PUFA for hairtail as a research by Usydus et al. (31). It can be observed that the relative content of EPA and DHA of T.N (29.45%) and T.Q (26.12%) was significantly higher than T.Z (19.38%) in the total lipid profile. The fish do not synthesize these oils; rather, microalgae and other marine microorganisms (e.g., thraustochytrids and some bacteria) are the primary source of omega-3 LC-PUFA incorporated in higher marine animals and ultimately in humans through the consumption of seafood (32). The difference of LC-PUFA composition of the three hairtail samples may be related to their discrepant shift and expansion feeding ecology from zooplankton feeding to swimming feeding (25).



Flavor volatile compounds

Forty-four volatile compounds were detected, including alcohols (7), aldehydes (8), ketones (11), hydrocarbons (15), aromatic compounds (4). Among them, the compounds associated with fresh seafood flavors are mostly 6-, 8-, and 9-carbon aldehydes, ketones, and alcohols derived from the unsaturated fatty acid characteristic of seafood by lipoxygenase activities. As shown in Table 7, significant differences were observed in the molecular species and their concentrations between samples. The most abundant compounds in all samples were hydrocarbons, but they are generally minor contributors to food flavors because of their high odor threshold (33). Aldehydes showed a wide number of different compounds, characterized by low odor thresholds, which have been described as the main responsible of typical freshest most important contributors to the aroma of fish, associated with strong plastic, fatty, geranium, raw fish, and marine odor (34). Nonanal had the highest percentage of aldehydes volatiles among the samples: 1.92% (T.Z), 2.78% (T.N), and 2.80% (T.Q), respectively. The nonanal is the main volatile product of oleic acid oxidation, which can produce a special odor and is associated with a rotten odor. (E)-2-Octenal was derived from the oxidative breakdown of polyunsaturated fatty acids (PUFAs) of linoleic (C18:2) and linolenic (C18:3) acids producing fatty savory smell with 10.7 lg⋅kg–1 of the odor threshold value, which derived mainly from vegetable sources in fish diets. In these samples, (E)-2-octenal was only detected in T.N and its percentage content ranked second (2.00%) among the aldehydes of T.N. Furthermore, the flavor contribution of Hexanal, Octanal, and Heptanal in the three samples could not be ignored (concentrations, T.N > T.Q > T.Z): Hexanal is derived from linoleic acid oxidation, having a characteristic fruity odor and taste (35). Octanal could be related to the oxidation of n-9 MUFA and, generally, is associated with a soapy, oily, fatty, and citrus odor (36); while Heptanal has a very strong, fatty, harsh, pungent odor, which provides an unpleasant, fatty taste.


TABLE 7    Volatile compounds from three different sources were discovered in hairtail muscle (%).
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In fish, the relative mass fraction of ketones was slightly higher than that of aldehydes, but the threshold value was significantly higher than that of isomeric aldehydes. The ketones in T.N (10.98%), T.Q (7.85%), and T.Z (5.38%) primarily contribute to the aroma of fruits and lipids, which were produced by thermal degradation of fatty acids with multiple unsaturated bonds, amino acid degradation, or microbial oxidation. 2-Heptanone has a cheesy ketonic, slightly green waxy, banana fruity aroma, and its relative percentage concentrations in T.N (2.89 percent) and T.Q (2.91 percent) were close but significantly higher (P < 0.05) than T.Z (0.61 percent). In terms of a rose- and tea-like flavor, 2-nonanone had a significant (P < 0.05) difference in T.N (2.93%) and T.Z (0.97%), and when compared to T.Q (0.69 percent) and T.Z (0.50 percent), 2-Pentanone, a colorless liquid ketone with the odor of fingernail polish or a strong fruity odor, had the highest relative percentage concentrations in T.N (1.35 percent). 3-Octanone has a strong, penetrating fruity odor that is reminiscent of lavender, mushroom, ketonic, cheesy, and moldy with fruity nuance, and its concentrations in T.N (0.93 percent) was significantly higher (P < 0.05) than T.Q. (0.50 percent). Because of high odor threshold, alcohols are generally minor contributors to food flavors unless they are unsaturated or present in high concentrations. T.Z had a higher volatile substance relative content of alcohol than the others, owing primarily to the affluent phenylethyl alcohol (5.37 percent) with a pleasant floral odor that was unique to T.Z. These findings, as well as the measured percentage of flavor volatile compounds derived from n-3 or n-6 fatty acids, were consistent with the fatty acid composition of the samples: T.N and T.Z were higher in n-3 fatty acids and PUFAs than T.Q.



Partial least squares-discriminant analysis

Because the color and TPA index could not well distinguish different sources of hairtail in this study, we selected amino acids, minerals, fatty acids and volatile substances as parameters for multivariate statistical analysis to try to find the indicators with the best classification ability. PLS-DA, a supervised discriminant analysis statistical method, uses partial least squares regression to establish a relationship model between the expression of features and sample categories to realize the model prediction of samples (37), showing the differences among three groups of samples. The results are shown in Figure 4. From Figure 4A, the first principal component (PC1) explained 83.3 cumulative percent (cum%) of the variance in the amino acid dataset. Similarly, PC2 explained 7.3 cum%, and PC3 explained 2.0 cum%. Figure 4B showed the PLS-DA of minerals, with PC1 explaining 81.5 cum%, PC2 explaining 14.3 cum%, and PC3 explaining 3.2cum%. From Figure 4C, the PC1 explained 91.8 cum% of the variance in the fatty acids dataset, PC2 explained 6.2 cum%, and PC3 explained 1.0 cum%. In the PLS-DA plot (Figure 4D) regarding flavor substances, the first three principal components could explain 92.7 cum% of the total variance (individual contributions include PC1 explained 51.4 cum%, PC2 explained 38.5 cum%, and PC3 explained 3.0 cum%). When the samples were distributed on different sides of the axis, it indicated that they had been successfully distinguished by the corresponding principal components. The first three principal components of all four sets of models could be considered adequate to demonstrate the variety of different hairtail samples, which shows that all four models can be distinguished well. The performance of the PLS-DA model depends on R2 (evaluating the fitness) and Q2 (indicating the predictive ability of the model). Generally, the value of Q2 more than 0.5 is assigned well for the biological models (38). Among the four models for amino acids, minerals, fatty acids, and volatiles, the value of Q2 (>0.5) were 0.9598, 0.98220, 97.45, 98.41, respectively; the value of R2 were 0.9860, 0.9877, 0.9838, 0.9909, respectively. It can be seen that the separation effect of the four groups of model volatile groups was the most obvious, followed by the mineral group.
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FIGURE 4
Score plots of PLS-DA of three origin hairtail: (A) mineral, (B) amino acid, (C) fatty acids, and (D) volatiles.


The most prominent variables can be obtained from the VIP plot, which was arranged in decreasing order of VIP, or importance or decreasing order of importance. The variables with VIP > 1 were regarded as effective indicators of class separation (39). In the VIP plot for flavor substances (Figure 5), 11 volatiles, including two alcohols, one aldehyde, three ketones, and five hydrocarbons, were identified as effective in the discrimination of different source hairtail.


[image: image]

FIGURE 5
The VIP graph of PLS-DA of all relevant volatiles analyzed in the multivariate data set.





Conclusion

The basic characteristics of hairtail, such as color, texture, nutrient composition, amino acid composition, and volatile flavor substances, differed significantly in this study. T.Z fish caught in the East China Sea had the highest yellowness and crude fat content, with palmitic acid (C16:0) and monounsaturated fatty acids represented by oleic acid being the most abundant fatty acids in lipids (C18:1). T.N fish caught in the South China Sea had the highest concentration of macrominerals (e.g., potassium, sodium, phosphorus, and calcium) and amino acids, the most appropriate proportions of essential amino acids for human nutrition, and their lipids had a high content of PUFA, with the highest contribution of EPA and DHA. Furthermore, the analysis of flavor volatile compounds revealed some differences in the bouquet design of the three samples, particularly in the aroma compounds derived from n-3 or n-6 fatty acids, with more pronounced oil and cheese notes in T.Z and clear and fishy notes in T.N and T.Q, which may influence consumer choice. Other analysis indices, such as fish texture, umami level, and protein content, were largely consistent across the three origin hairtail. In conclusion, the hairtails of three origins can be distinguished based on nutrition, fatty acids, and volatile aroma compounds, which is critical for combating counterfeiting inferiority products and establishing the hairtail brand status in different regions. The classification ability of different indexes for different sources of hairtail were compared and analyzed by multivariate statistical analysis, and it was found that the method of detecting volatile flavor substances by GC-MS was the best way to trace the origin of hairtail. In this study, the most effective method was found among many simple and convenient methods, which enriches the traceability and identification technology of hairtail fish and has high importance to food quality and safety.
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To explore the potential application of static magnetic field (SMF) treatment in marine fish preservation, the sea bass (Lateolabrax japonicus) was exposed to SMF (5 mT) and its quality changes during cold storage were evaluated by total viable counts, water holding capacity, pH, color, and textural properties. Characteristics of the protein in the presence of SMF were investigated by measuring total sulfhydryl (SH) content, Ca2+-ATPase activity, secondary structure, and muscle microstructure. SMF treatment exhibited positive effects on fish quality, showing favorable performance on the most quality indicators, especially a significant reduction in the Microbial Counts. Furthermore, higher total SH content and Ca2+-ATPase activity were observed in SMF-treated samples, demonstrating that the oxidation and denaturation of myofibrillar protein (MP) were delayed due to SMF treatment. The transformation of α-helix to random coil was prevented in SMF-treated samples, indicating that the secondary structure of MP was stabilized by SMF treatment. The above changes in protein structures were accompanied by changes in muscle microstructure. More intact and compact structures were observed in SMF-treated samples, characterized by well-defined boundaries between myofibers. Therefore, our findings suggest that under the conditions of this article, SMF treatment could maintain the quality of fish mainly by inhibiting the growth of microorganisms and enhancing the stability of protein structures, and could be a promising auxiliary technology for preservation of aquatic products.
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Introduction

Fish and fish products play an increasingly important role in human diet due to their delicious taste, rich nutrients, and widely recognized health benefits (1). However, the presence of relatively large amounts of protein and polyunsaturated fatty acids in fish, although with recognized benefits for health, is a significant obstacle for fish preservation due to their instability in the presence of external spoilage microorganisms and endogenous proteolytic enzymes (2, 3). Preservation of aquatic products has become a quite challenging and urgent issue. It is well known that low-temperature storage has been extensively used in aquatic products to extend shelf life and ensure quality. Thereinto, frozen and cold storage are considered to be the most common and effective methods to prolong the freshness lifetime of food by controlling the growth of pathogenic and spoilage microorganisms and slowing down the activity of endogenous enzymes (4). During the freezing process and frozen storage, the free water in fish muscle would undergo a liquid-solid transition to form ice crystals, which would severely damage the cell structure and thus lead to the quality deterioration of fish (5, 6). Consumers express personalized and diversified desires for organoleptic and nutritional quality in fish (7). Fish with compromised quality after frozen storage could not meet consumer demand for premium quality fish. Unlike the subzero temperature of frozen storage, temperatures in cold storage rooms range from 0 to 4°C. In this temperature zone, the water in food often exists in a liquid state. However, the relatively high storage temperature corresponds to a shorter shelf life, depending upon the type of products (8). Thus, researches on extending the fresh-keeping period of non-frozen aquatic products have attracted increasing attention.

For the above purpose, many emerging approaches, alone or combined, have been developed and applied, including nanoparticles, cold plasma, active packaging and so on (2, 9, 10). According to preservation mechanisms, these available technologies could be classified into chemical, biological, and physical approaches. Regrettably, while chemical and biological treatments are effective measures to inactivate spoilage bacteria and inhibit enzyme activity in aquatic products, consumers are concerned about the flavor changes and foodborne illnesses that these treatments might bring (11). As a result, many non-thermal physical methods have been applied to the preservation of fish, such as high-pressure processing (12), pulsed electric field (13), and cold plasma (9). However, there are still some unresolved issues with the above technologies, such as the difficulty of high-pressure processing for continuous production, the unsuitability of pulsed electric field for complex food systems (14), and the significant changes in food sensory quality after cold plasma treatment (15).

Static magnetic field (SMF) treatment is a novel physical preservation method characterized by high penetration depth and no reagent residue (16, 17). SMF treatment was initially proposed for the medical cryopreservation of biological organs and tissues and the germination of seeds (18, 19), and introduced into food preservation in recent years (20, 21). The major components in food are diamagnetic substances, of which functional properties were influenced by the external magnetic field. For instance, the SMF treatment has proven to strengthen intramolecular-hydrogen bonds and depress self-diffusion coefficient, thereby increasing the water activity and promoting a reduction in drip loss and a delay in tissue softening (22).

To date, few published researches mainly concentrated on the field of SMF-assisted frozen storage (23, 24). Nevertheless, given the above-mentioned disadvantages of frozen storage, the combined treatment of SMF and cold storage appears to be a more promising approach for maintaining freshness and obtaining better sensory quality in fish. According to the study of Lin et al. (25), SMF treatment (7.98–8.15 mT) combined with supercooling storage extended the shelf life of beef without adverse effects on other quality characteristics. Moreover, Bajpai et al. (26) found that SMF treatment (100 mT) effectively inhibited the growth of Staphylococcus epidermidis (gram-positive bacteria) and Escherichia coli (gram-negative bacteria) by disrupting the integrity of bacterial cell membranes. Interestingly, some studies have also found that SMF treatment had no positive effect on the preservation of food, and SMF treatment even promoted the growth of certain microorganisms, such as Pseudomonas aeruginosa (27). Hence results published in the literature are apparently contradictory. Further studies should find some clear evidence that SMF treatment is beneficial for food preservation and elucidate the underlying mechanism of action.

Magnetic fields (MFs) could be classified as time-varying magnetic field or SMF according to time interval (28). The time-varying magnetic field, which is associated with changes in electrical current, has strict requirements on voltage and current, so applying it as an auxiliary technology may significantly increase equipment costs and operating conditions. In practice, the heat generated by current coils of time-varying magnetic field could not be ignored (29). The SMF produced by a steady current in the surrounding space has constant magnetic field intensity and direction. Since the voltage and current requirements of SMF treatment could be easily met, it can be more suitable to be an adjunct on existing cryogenic storage systems such as refrigerators. In addition, considering the biological effects caused by SMF, it is accordingly classified as weak (<1 mT), moderate (1 mT–1 T), strong (1–5 T), and ultra-strong (>5 T). Zhao et al. (30) indicated that strong magnetic fields may damage the properties of cells and tissues and should not be applied to preserve fresh food. Moreover, a very weak magnetic field was also ineffective for food preservation. As reported by Zhu et al. (31), the effects of SMF treatment on retarding the deterioration of shrimp (Litopenaeus vannamei) could already be observed at an intensity of 5 mT. Hence in this study we focus on the effects of exposure to SMF of 5 mT on fish quality during cold storage, considering the reasonable energy requirements and future commercial applications.

The present study aims to investigate the effects of SMF treatment on the quality of sea bass during cold storage by evaluating microbial quality, physicochemical properties, and protein structure, and provide theoretical support for the further application of SMF treatment in the aquatic product industry.



Materials and methods


Sample preparation

A total number of 14 live sea bass (weight 600 ± 35 g, length 31.5 ± 3.5 cm) were purchased from a local aquatic market (Ningbo, Zhejiang, China) in October, and transported to the laboratory in a box filled with water containing dissolved oxygen. Once arrival, the live sea bass was killed immediately by a physical blow to the head with a wooden hammer and then peeled, headed, and gutted. The dorsal muscle of sea bass was cut into fillets, which were individually packaged with polyethylene bags, and finally the fillets were randomly divided into two equal batches. The fish fillet subjected to SMF treatment (5 ± 0.1 mT) in a magnetic field-assisted refrigerator (MFI-Fm-x1, INDUC Scientific Co., Ltd., Wuxi, Jiangsu, China), and the temperature was set at 4 ± 0.1°C. The magnetic field-assisted refrigerator consisted of a magnetic field generator, a biological sample chamber, and a temperature control and monitoring system. A power supply and a pair of Helmholtz coils (80 cm × 80 cm square; 400 turns) constituted the magnetic field generator, which can produce a uniform magnetic field of 0–5 mT at an excitation current of 0–8 A. The magnetic field uniformity was 99%, verified by Maxwell Software simulation. The biological sample chamber had a volume of 50 L, and the temperature ranged from −20 ± 0.1 to 40 ± 0.1°C. The control treatment conditions were consistent with those of the experimental group. The control treatment condition was consistent with the experimental group except for exposure to SMF. The fillets were taken each day during storage for subsequent analyses.



Determination of total viable counts

Total viable counts (TVC) of the sea bass fillet were performed by the method of Hernandez et al. (32). An aliquot of 10 g minced sea bass fillet was placed in a sterile homogeneous bag with 90 ml of 0.9% normal saline and homogenized with a Masticator paddle blender (basic panoramic, IUL S.A., Spain). The homogenate was diluted with 0.9% normal saline and inoculated on the medium. TVC were determined by the pouring method in plate count agar (PCA) mediums. The PCA medium was purchased from Hangzhou Microbial Reagent Co., Ltd. (Hangzhou, China). The inoculated plates were incubated at 30 ± 0.5°C for 72 h. Results were recorded as log10 CFU (colony forming units)/g.



Determination of water holding capacity

Water holding capacity (WHC) was expressed as a percentage of weight loss of the initial sea bass fillet. Approximately 5 g of non-minced fillet was wrapped with filter paper, and centrifuged at 4,000 × g for 15 min at 4°C. Then, the water was poured out of the centrifuge tube and the remaining fillet was weighed again. The measurement was carried out in triplicate. The WHC was calculated by the Equation 1:
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where m1 is the weight of the sea bass fillet before centrifugation, and m2 is the weight of the fillet after centrifugation.



Determination of pH

An aliquot of 5 g minced sea bass fillet was homogenized with a homogenizer (NANOJ H10, ATS Engineering Inc., Germany) in 50 ml of 0.1 M KCl (pH = 7.0). The pH of the homogenate was determined by a pH meter (PHS-2F, Shanghai INESA Scientific Instrument CO., Ltd, Shanghai, China).



Determination of color

The color of the fish fillet was measured by a colorimeter (NR110, Shenzhen 3nh Technology CO., LTD., Shenzhen, China) according to the method proposed by Chmiel et al. (33). Each fillet (50 mm × 20 mm × 10 mm) was measured at three typical positions (anterior, middle, and posterior) with recording L* (lightness), a* (redness/greenness), and b* (yellowness/blueness). All measurements were analyzed in five replicates, from which an average was calculated. The absolute color difference (ΔE) was calculated by the Equation 2:
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where [image: image], [image: image], and [image: image] represent the color parameters of the fresh sea bass fillet. [image: image], [image: image], and [image: image] represented the color parameters of the fillet during storage.



Texture profile analysis

The texture profile analysis (TPA) was measured by a texture analyzer (TA-XT plus, Stable Micro Systems, Surrey, UK). The fish fillet was cut into cubes (30 mm × 20 mm × 10 mm) and equilibrated at room temperature (25°C), then compressed to 40% of its initial thickness using a spherical probe having a one-inch diameter (P/1S), with a trigger force of 5 g and a test speed of 1 mm/s. Texture performances were expressed as hardness, springiness, cohesiveness, and chewiness. The hardness was defined as the maximum positive force of the first compression, expressed in grams. The cohesiveness was defined as the ratio of the positive area of the second compression to the positive area of the first compression. The springiness was defined as the ratio of the height detecting of the second compression to the first compression distance. The chewiness was defined as the product of hardness × cohesiveness × springiness. At least five replicates were performed for each treatment, once for each sample, and the mean was calculated.



Scanning electron microscopy

The scanning electron microscopy (SEM) analysis of the sea bass muscle was performed according to the method described by Liu et al. (34). The fillet was cut into 5 mm × 5 mm × 2 mm pieces, fixed with 2.5% glutaraldehyde solution at 4°C for 24 h, then rinsed with 0.1 M phosphate buffer (pH = 7.2) for 15 min, repeated three times. The washed sample was gradient dehydration with ethanol (50, 70, 80, 90, and 100%). Thereinto, the sample was dipped in anhydrous ethanol for 20 min twice, for 15 min in others. After freeze-drying and coating with gold, the specimen was observed using a Hitachi S-3400N scanning electron microscope (Hitachi S-3400N, Hitachi, Ltd., Tokyo, Japan).



Extraction of myofibrillar protein

Myofibrillar protein (MP) was extracted from sea bass using the method described by Ding et al. (35). Briefly, the white muscle from the fillet was minced and rinsed with four times the weight of low-salt buffer (0.05 M NaCl, 0.02 M Tris–HCl, pH = 7.5) and homogenized using a homogenizer (NANOJ H10, ATS Engineering Inc., Germany) for 2 min. The homogenate was centrifuged at 5,000 × g at 4°C for 10 min. After separating the supernatant containing the sarcoplasmic proteins, the precipitate was rinsed twice using the low-salt buffer. Afterward, the obtained precipitate was extracted at 4°C for 20 h with four times the weight of high-salt buffer (0.45 M NaCl, 0.02 M Tris–HCl, pH = 7.5). After centrifugation (12,000 × g, 15 min, 4°C), the supernatant was poured into ten times the weight of precool deionized water and the mixture was incubated for 30 min at 4°C to precipitate MP. Finally, the resulting precipitate (MP) was collected by centrifugation (12,000 × g, 10 min, 4°C), and dissolved with 0.6 M NaCl, 0.02 M Tris–HCl buffer (pH = 7.5) to prepare MP mother solution. The concentration of MP was determined by the BCA method employing bovine serum albumin as the standard.



Determination of total sulfhydryl content and Ca2+-ATPase activity

A total SH measurement kit (Nanjing Jiancheng Bioengineering Institute, China) was used to measure the total SH content of MP according to its instruction. The MP solution was diluted to 2.5–4 mg/ml with 0.6 M NaCl (pH = 7.0). In order to denature the protein, the diluted MP solution (0.5 ml) was added to 4.5 ml of 0.2 M Tris–HCl buffer (pH = 6.8) containing 8 M urea, 2.0% SDS and 0.01 M EDTA. To determine the total SH content, 0.4 ml of 0.1% 5, 5-dithiobis (2-nitrobenzoic acid) (DTNB) in 0.2 M Tris–HCl buffer (pH = 8.0) was added to 4 ml of the mixture containing denatured proteins and incubated at 40°C for 25 min. The absorbance of the reaction mixture at 412 nm was determined using an UV-5200 spectrophotometer (Shanghai Metash Instruments Co., Ltd, Shanghai, China), and SH concentration was calculated by the Equation 3. The results of total SH content were expressed as μmol/g prot.
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where A is the measured absorbance, B is the concentration of MP solution, C is the molar extinction coefficient of 13,600 M–1 cm–1, and D is the dilution volume.

A Ca2+-ATPase kit (Nanjing Jiancheng Bioengineering Institute, China) was applied to determine the Ca2+-ATPase activity of MP according to its instruction. An aliquot (1 ml) of the diluted MP solution (2.5–8 mg/ml) was added to 0.6 ml of 0.5 M Tris-maleate buffer (pH = 7.0), and 1 ml of 0.1 M calcium chloride. The total volume of the reaction solution was supplemented with deionized waster to 9.5 ml. The reaction was initiated by the addition of 0.5 ml of ATP (0.02 M). After incubation at 25°C for 8 min, the reaction was terminated by adding 5 ml of 15% (w/v) trichloroacetic acid (TCA), and the reaction mixture was centrifuged at 3,500 × g for 5 min. The blank was carried out by adding 15% TCA before the diluted MP solution (2.5–8 mg/ml) was added. The inorganic phosphate liberated in the supernatant was measured by the method of Benjakul et al. (36). The results of Ca2+-ATPase activity were expressed by the concentration of released inorganic phosphate (Pi) indicated as μmol Pi/mg prot/h.



Circular dichroism spectroscopy

The secondary structure of MP was investigated by a circular dichroism (CD) spectropolarimeter (Jasco J-1500-150, Jasco Corp., Tokyo, Japan). The MP solution was put into a dialysis bag and dialyzed for 12 h at 4°C. A 300 μl aliquot of the dialyzed MP solution (0.2 mg/ml) was placed in a 1 mm quartz CD cell (Hellma, Muellheim, Baden, Germany). The main parameters were set as follows: 1.0 nm bandwidth, 1 s D.I.T., 200 mdeg/1.0 dOD of CD and FL scale, 50 nm/min scan speed and 0.1 nm/data step resolution. The spectral scanning range was from 190 to 260 nm. Three scans were averaged to obtain one spectrum. Circular dichroism of MP structure was expressed by the mean specific ellipticity [θ] (deg⋅cm2⋅dmol–1). The percentage of the secondary structure of MP was evaluated by Yang et al. (37) method.



Statistical analysis

Statistical data were subjected to analysis of one-way ANOVA followed by the Duncan procedure between means (significance was defined at p < 0.05) using IBM SPSS Statistics 25 (SPSS Inc., Chicago, IL, USA). Unless otherwise stated, all results were presented as the means ± standard deviation (SD). The figures were drawn by Origin 2019b (Origin Lab, Northampton, MA, USA).




Results and discussion


Effect of static magnetic field treatment on total viable counts

Changes in TVC of the sea bass fillet with different treatments are shown in Figure 1A. The initial count in the sample was 3.4 log10 CFU/g, indicating excellent quality of fresh fish. This load was similar to that of Japanese sea bass (Lateolabrax japonicus) reported by Li et al. (2). After 3 days of storage, it was observed that TVC of the control exceeded the maximum acceptable level of TVC (7.0 log10 CFU/g) of freshwater and marine fish (38). By contrast, microbial counts in sea bass fillets treated with SMF for 6 days exceeded the edible limits. Therefore, these results reveal that SMF treatment could effectively extend the shelf life of the sea bass fillet from a microbiological point of view. Lins et al. (39) reported that 1 Hz pulsed magnetic field treatment (PMF, 10 mT), a type of time-varying magnetic field, for 2 h could reduce microbial counts in fresh beef during cold storage, while continuing exposure to PMF for 12 days did not significantly inhibit the growth of bacteria. They suggested that the surviving bacteria might have adapted to the PMF. In the present study, similar or even better bacteriostatic effects could be achieved by SMF treatment of 5 mT, while the energy required was lower.
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FIGURE 1
Changes in TVC (A), WHC (B), pH value (C), and color differences (D) of sea bass fillets with different treatments. The dotted line in panel (A) shows the upper acceptable limit (7.0 log10 CFU/g). SMF: treated with static magnetic field (5 mT) at 4°C, control: storage at 4°C without SMF. Different capital letters indicate statistically significant differences between samples with different treatments on the same day (p < 0.05), and different lowercase letters indicate statistically significant differences between samples with different storage time under the same treatment (p < 0.05), the same below.


Previous studies have suggested that the antimicrobial effect of SMF may rely on alterations in membrane calcium ion flux, which would result in the deformation of imbedded ion channels, thereby altering their activation kinetics and influencing several biological systems (40, 41). In addition, the inactivation efficacy of microorganisms depends on magnetic field process parameters (such as type, intensity, frequency, and duration of action), microorganism properties (such as types, growth phase, and density) (28). Consequently, the window effect hypothesis has been proposed for the different effects of magnetic field on the growth of microorganisms, that is, specific parameters correspond to specific microorganisms (42, 43).



Effect of static magnetic field treatment on water holding capacity

Water holding capacity is a crucial attribute reflecting fish quality, and it may represent the ability of muscle protein to prevent water from being released under external forces. As shown in Figure 1B, a decrease in WHC was observed in the sea bass fillet treated with and without SMF, and no significant difference was observed between them during the entire cold storage. Some studies confirmed that the WHC was often related to protein structures (44, 45). During storage, the denaturation of myosin will alter the water distribution in the fish, resulting in a considerable loss of the free water content in fish and a significant decrease in the WHC. Therefore, our results suggest that significant protein denaturation may occur in sea bass fillets. Yang et al. (46) found that the direct current magnetic field (DC-MF) treatment could improve WHC of MP gels, and this might be attributed to protein unfolding, re-crosslinking and aggregation induced by DC-MF. The results of the present study are inconsistent with these. It is possible that, due to the differences in biological characteristics between raw materials, differences in WHC of sea bass fillets are more difficult to detect during exposure to SMF.



Effect of static magnetic field treatment on pH

Figure 1C shows the changes of pH in the sea bass fillet with different treatments. The pH of all samples decreased in the early stage of storage and then increased gradually, while the pH of the SMF-treated samples remained consistently lower than that of the control (p < 0.05). One possible explanation for the initial decrease in pH could be the accumulation of lactic acid, a product of glycolysis (47). In glycolysis, glucose is metabolized to the final product pyruvate, which is converted to lactic acid by lactate dehydrogenase (48). However, there are no published data showing that lactate dehydrogenase activity is directly modulated by SMF, so further exploration is required. In addition, the accumulation of alkaline substances such as amines and ammonia produced by spoilage bacteria may be responsible for the increase of pH value of fish samples in the late period of storage (28, 49, 50). Thus, this result is consistent with the change of microbial counts stated in section “Effect of static magnetic field treatment on total viable counts,” and demonstrate that SMF treatment not only inhibits the growth of microorganisms but also restrains other autolytic processes that generate alkaline substances.



Effect of static magnetic field treatment on color

Color is one of the most direct and satisfactory indicators for consumers to evaluate the freshness of fish (51). Figure 1D shows changes in absolute color difference (ΔE) of the sea bass fillet with different treatments. The values of ΔE presented an increasing trend during storage, and the ΔE value of the control sample was higher than that in the SMF-treated sample (p < 0.05). Color differences larger than 2–4 are considered perceptible to consumers (52). In our data, the sea bass fillet treated with SMF would be perceived as less color change than the control fillet by consumers, indicating that SMF treatment could delay the discoloration of fish fillets. As recorded in Table 1, the increase in ΔE value may be due to changes in a* and b* values, since changes in L* value of the SMF-treated samples were similar to those of the control. Hence the color variation between samples is mainly reflected in redness and yellowness, and the reasons for these changes are discussed below. In addition, the changes in the refractive index of the fish surface caused by decreased WHC could directly affect the L* value of fish (21). As discussed in section “Effect of static magnetic field treatment on water holding capacity,” SMF treatment did not cause significant enhancement in WHC, which was reflected in the similar changes in L* value between the SMF-treated and control samples.


TABLE 1    Effect of static magnetic field on color of the sea bass fillet during cold storage at 4°C.

[image: Table 1]


The a* value of meat is determined by the rate of oxymyoglobin oxidation and metmyoglobin reducing activity (53, 54). Oxymyoglobin is redness in color and is produced when myoglobin is oxygenated or exposed to oxygen, while methemoglobin is brown in color and occurs when oxygen concentration is between 0.5 and 1% or when meat is exposed to air for a long time (55). The initial a* value for SMF-treated fillet was lower than that in the control at day 0, which may be due to the inherent color differences between individuals. In the early stage of storage, the a* value of the fillet treated with SMF increased more, indicating that the myoglobin in the fillet was accelerated to form oxymyoglobin, which may be related to the fact that magnetic field treatment could promote the unfolding of myoglobin structure (56). Myoglobin would be more susceptible to oxidative attack due to the unfolded structure. In the later stage of storage, decreased a* values were observed in both SMF-treated and control fillets, while the decrease trend was relatively slighter in the fillets treated with SMF. The similar tendency of a* value for the SMF-treated fish was also found for other refrigerated meat products, such as static magnetic field extended supercooling (SM-ES) treated beef (25). This is not surprising since longer-stored fish fillets were expected to contain high levels of methemoglobin, which cause the surface color of the fillet to shift toward brown. Previous results in the literature have proven that low frequency magnetic field treatments (3, 6, 9, 12 mT, 50 Hz) for 10 h could effectively inhibit the increase of methemoglobin content in the solution of horse skeletal muscle myoglobin (57). Therefore, these results confirm that SMF treatment could stabilize the redness of the fish fillet.

The b* values in all sea bass fillets showed an increasing tendency during cold storage, expressing an evolution toward gray yellow tones as the fillets aged. Our results are consistent with data reported by Cai et al. (58), showing a significant increase in the b* parameter of Japanese sea bass fillets stored under refrigerated conditions. On the other hand, the b* value of the sea bass fillet increased more slowly when treated with SMF, suggesting the yellowish of SMF-treated fillets was not pronounced. Yellow color is often associated with lipid and protein oxidation (59). Therefore, the significant decrease detected in the b* value of the SMF-treated fillet might be attributed to SMF-induced antioxidant effects.



Effect of static magnetic field treatment on textural properties

Textural properties are valued quality indicators reflecting sensory and functional properties of fish. The variations in texture parameters of the sea bass fillet with different treatments are presented in Table 2. The TPA results showed that after 6 days of storage, the hardness, springiness, cohesiveness, and chewiness of the control sample decreased by 69.5, 24.6, 19.0, and 86.7%, respectively. These results indicated that the fish fillet began to soften and lose its elasticity. However, the corresponding values for the SMF-treated sample decreased by 50.5, 29.3, 4.8, and 76.3%, respectively. The evaluation results of texture properties showed that the SMF-treated sea bass fillet had a better texture than the control. A similar phenomenon was reported by Zhu et al. (31), who found that alternating magnetic field treatment (AMF, 5 mT), a type of time-varying magnetic field, could further delay the texture deterioration of ultra-high pressure treated shrimp, while AMF treatment had an adverse effect on the color of shrimp.


TABLE 2    Effect of static magnetic field on texture of the sea bass fillet during cold storage at 4°C.

[image: Table 2]


Muscle texture in fish is determined by several intrinsic biological parameters, such as the density of muscle fiber and the content of fat and collagen (32). Besides, autolysis is triggered by the death of the fish, softening the muscles under the combined effect of microbial activity (60). In our study, it was observed that microbial activity was inhibited by SMF treatment, which resulted in lower bacterial load and slighter protein degradation in the SMF-treated fillet. Therefore, the SMF-treated fillet exhibited significant improvements in textural properties, probably due to the magnetic field-induced inactivation of microorganisms and changes in the autolysis process.



Effect of static magnetic field treatment on total sulfhydryl content of myofibrillar protein

Sulfhydryl groups are present in MP, mainly in the head of myosin (61). The content of SH groups is recognized as an important indicator of the integrity of myosin (36). Changes in the total SH content of MP extracted from sea bass muscles with different treatments are shown in Figure 2A. Compared with fresh muscle, the final content of total SH in SMF-treated and control samples were 42.52 and 38.21 μmol/g prot, which decreased by 33.5 and 40.2%, respectively. The reduction in SH group content has been reported to be due to the formation of disulfide bonds through oxidation of SH groups or disulfide interchanges (62). As can be seen, SMF-treated samples tended to show less decrease in total SH content, particularly in later stage of storage. In other words, SMF treatment could suppress the oxidation of SH groups in MP during cold storage. Protein oxidation would modify the amino acid sidechains and alter the protein polypeptide backbone, resulting in structural changes in the protein (63, 64). The ion–protein dissociation proposed by Bingi and Savin (65) might explain the effect of magnetic field on protein oxidation, when an ion enters a protein cavity containing a ligand, it would undergo directional movement under the influence of the magnetic field. Such directional movement may induce the formation of local micro-electric fields, which disturb the original equilibrium distribution in the ion cloud, thereby causing different biological responses (16).
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FIGURE 2
Changes in total SH content (A) and Ca2+-ATPase activity (B) of sea bass fillets with different treatments.




Effect of static magnetic field treatment on Ca2+-ATPase activity of myofibrillar protein

The Ca2+-ATPase activity is an important indicator of the integrity of myosin. Any change in the conformation of myosin would lead to a decrease in enzyme activity (66, 67). A notable decrease in Ca2+-ATPase activity was observed in all samples (Figure 2B), indicating that myosin underwent denaturation. Thus, the denaturation of myofibrillar proteins during cold storage may account for the reduction in WHC. Myofibrillar proteins, which are primarily responsible for water-binding properties, suffered severe denaturation and, consequently, significantly reduced WHC was observed in both control and SMF samples.

It is noteworthy that the decrease of Ca2+-ATPase activity was remarkably lower in the presence of SMF than in their absence (p < 0.05). Loss of Ca2+-ATPase activity is postulated to be the conformational changes and aggregation in the globular head of myosin (61, 68). Moreover, the loss of Ca2+-ATPase activity could also be caused by the oxidation of SH1 and SH2 on the active site of actomyosin (36, 69). In our study, the decrease in Ca2+-ATPase activity was in agreement with the decrease in total SH content (Figure 2A). In addition, protein rearrangements via protein–protein interactions are also considered to be responsible for the loss in Ca2+-ATPase activity (70). Overall, the above researches demonstrated that the loss in Ca2+-ATPase activity is associated with the denaturation and oxidation of protein, and alteration in protein conformation, and our results suggest that SMF treatments could effectively retard these processes and stabilize the structure of protein.



Effect of static magnetic field on muscle microstructure

The microstructural changes in the transverse direction of the sea bass muscle with different treatments are shown in Figure 3. At day 0, single myofiber could be easily distinguished in the transverse fiber fracture, and the boundary between the myofibers was clear (Figure 3A). From the micrographs of control samples, clear changes in the cross-sectional structure of myofibers were visible. The boundaries between the adjacent myofibers were not visible any longer, and myofibers had largely agglomerated into lamellae. Compared with the controls, SMF treatment could reduce the structural changes of myofibers in the sea bass muscle during storage. No significant change was apparent in the myofibers, and the boundary between the myofibers was clearly identified, under SMF treatment of 5 mT for 2 and 4 days, respectively. After 6 days of SMF treatment, distorted myofibers were also observed, but to a lesser extent, suggesting a slower development of the structural changes under SMF treatment.
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FIGURE 3
Microstructure of the sea bass muscle observed by SEM. (A) Transverse sections, (B) transverse sections at 5,000× magnification.


In addition, higher magnification of sea bass muscle was used to examine the myofiber structure in more detail. The sarcomere is the basic contractile unit of the striated muscle and is arranged in a stacked fashion throughout the muscle tissue (71). The defined brick structure of the sarcomere, intact and compact, was obviously observed in the fresh sample at day 0 (Figure 3B). After 6 days of storage at 4°C, it was not possible to identify the individual sarcomere or even transverse elements, and the striated structure of the myofibers disappeared and the contractile elements of the muscle fibers disintegrated. Applying SMF of 5 mT stabilized the structure of sarcomere, where Z-band (the dividing line between the sarcomeres) was visible (day 2), although the sarcomere structure appeared to be disrupted in samples treated with SMF for 6 days. These might suggest that SMF treatment partly protects sea bass muscle fibers from damage caused by aging and microbial associated proteolysis, as shown in sea bass (72).



Effect of static magnetic field treatment on the secondary structure of myofibrillar protein

The CD spectrums of MP extracted from sea bass muscles with different treatments are shown in Figures 4A,B. The CD spectrum of all samples exhibited two main minima at around 208 and 222 nm. The two bands were rationalized by the n-π* transition in the peptide bond of α-helix, therefore, corresponding to the changes in α-helical structure (73). Secondary structure analysis of MP is exhibited in Figures 4C,D. The percentages of α-helix, β-turn, and random coil in SMF-treated samples had no significant decrease from day 0 to day 6 (p > 0.05), implying that the secondary structure of MP did not undergo severe damage. Conversely, the percentages of α-helix in the controls decreased whilst the percentages of random coil increased, suggesting a gradual loss of the helical structure in MP. The α-helix component was likely transformed into the random coil. Similar results were also shown in a study reported by Zhang et al. (74), in which the secondary structure of grouper (Epinephelus coioides) protein transformed from α-helix to random coil during cold storage. These results suggest that SMF treatment was effective in preserving the α-helix structure.
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FIGURE 4
Circular dichroism spectra of myofibrillar protein from sea bass. (A) Control; (B) SMF. D0, 1, 2, 3, 4, 5, 6 represent day 0, 1, 2, 3, 4, 5, 6, respectively. Secondary structure of myofibrillar protein from sea bass. (C) Control; (D) SMF. Different lowercase letters on the top of bars indicated statistically significant differences between samples (p < 0.05).


The gradual deletion of α-helix in MP was related to structural changes in myosin, including the unfolding of the α-helix structure of the myosin rod portion (75). As described in section “Effect of static magnetic field treatment on total sulfhydryl content of myofibrillar protein” and “Effect of static magnetic field treatment on Ca2+-ATPase activity of myofibrillar protein,” myosin was subjected to severe oxidation and denaturation during cold storage and, consequently, the decrease in the content of α-helix was detected. In addition, the content of α-helical structure is also related to the hydrogen bond stability between the carbonyl oxygen and amino hydrogen of the polypeptide chain (34). Enhanced strength of hydrogen bonds after magnetic field treatment has been previously reported in some bacteria and cells (76, 77). She et al. (77) described the transition of random coils to α-helices, and intermolecular β-sheets to intramolecular ones in the secondary structure of proteins in E. coli after SMF treatment at 10 T for 30 min, and they suggested that this may be due to the destruction of intermolecular cohesion and the enhancement of intramolecular hydrogen bonds. Thus, differences in the stability of α-helical structures between SMF-treated and control samples could be attributed to SMF-induced effects, including antioxidant effects and enhancement of intramolecular hydrogen bonds.




Conclusion

This study investigated the feasible application of SMF treatment (5 mT) in mitigating the quality deterioration of the sea bass fillet during cold storage. The results of microbiological and physicochemical properties showed that SMF treatment could effectively slow down the rate of quality deterioration of the sea bass fillet. SMF treatment not only inhibited microbial growth, but also suppressed the protein structural changes. The inhibition of microbial metabolism and the stabilization of protein structure under SMF treatment resulted in lower pH and ΔE values, and the better texture in SMF-treated samples. Therefore, our results show that SMF treatment could be utilized as an effective approach for maintaining the quality of fish. In this study, the beneficial effects of SMF treatment on maintaining the quality of sea bass fillets may be limited, which is associated with magnetic field parameters, whereas the mechanism of SMF-induced effects is also worth exploring. Thus, future research working on SMF-assisted fish preservation should include optimal intensity, operating time, distribution of SMF, as well as whether the responses of different fish species are consistent.
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Puffer fish is a type of precious high-end aquatic product, is widely popular in Asia, especially in China and Japan, even though it naturally harbors a neurotoxin known as tetrodotoxin (TTX) that is poisonous to humans and causes food poisoning. With the increasing trade demand, which frequently exceeds existing supply capacities, fostering fraudulent practices, such as adulteration of processed products with non-certified farmed wild puffer fish species. To determine the authenticity of puffer fish processed food, we developed a real-time qPCR method to detect five common puffer fish species in aquatic products: Lagocephalus inermis, Lagocephalus lagocephalus, Lagocephalus gloveri, Lagocephalus lunaris, and Lagocephalus spadiceus. The specificity, cross-reactivity, detection limit, efficiency, and robustness of the primers and probes created for five species of puffer fish using TaqMan technology have been determined. No cross-reactivity was detected in the DNA of non-target sample materials, and no false-positive signal was detected; the aquatic products containing 0.1% of a small amount of wild puffer fish materials without certification can be reliably tracked; the statistical p-value for each method’s Ct value was greater than 0.05. The developed qPCR method was sensitive, highly specific, robust, and reproducibility, which could be used to validate the authenticity of wild puffer fish in aquatic products sold for commercial purposes.

KEYWORDS
food authenticity, food adulteration, Lagocephalus, qPCR, puffer fish


Introduction

Puffer fish (Tetraodontidae) generally belongs to the genera of dontidae, Tetraodontiformes, and Actinopterygii. Despite its recognized potential toxicity caused by Tetrodotoxin (TTX), puffer fish is a long-standing delicacy in China, Japan, and other Asian nations, and is regarded as the “top of dishes” (1). TTX is the naturally occurring toxin harbored in puffer fish’s ovaries, liver, kidneys, eyes, and blood (2). Therefore, improper handling or accidental consumption of puffer fish can result in severe toxicity and even death. In addition, TTX is present in the muscles of a number of puffer fish, and because the TTX content in the muscles of some puffer fish is lethal, many poisoning occurrences have been caused by the consumption of processed and cooked puffer fish (3). In Japan, the preparation of puffer fish needs special training. In China, the sale of fresh puffer fish is banned. However, since 2016, the latest regulations permit Takifugu rubripes and Takifugu obscurus to be farmed by certified companies and sold after processing, with a code on the package to track the products’ origin. Since 2016, both species have become available in China’s local markets, and approximately 70% of the annual production is exported (1, 4, 5). The rapid expansion of the high-end aquatic product trade has led to an increase in demand, which is conducive to food fraud, such as incorrect labeling and the substitution of non-certified cultured puffer fish for wild puffer fish goods. In addition, because the morphological characteristics of puffer fish are highly similar (6, 7), it is difficult for inexperienced consumers to correctly identify morphologically, particularly after the fish has been processed (8). Due to their similar appearance, using the wrong species puffer fish may lead to poisoning risk to consumers (9).

Food authenticity identification technology has been developed to ensure food safety and quality control. However, processed foods have often been destroyed in their morphological features and cannot effectively identify in terms of morphology (8). To evaluate food authenticity, a significant amount of research has been conducted in recent years on omics-based food authenticity recognition technologies, including genomics, proteomics, and metabolomics. Proteomics studies the existence state and activity rules of proteins at the overall level under specific conditions, which cannot only identify protein species but also quantify proteins. Proteomics is based on protein databases for species identification, origin tracing, quality identification, and other food authenticity identification (10–13). However, protein-based methods can hardly find target protein in heat-treated foods due to the denaturation of proteins at high temperatures. The examination of metabolites based on metabolomics is primarily separated into target analysis and non-target analysis, including vibration spectrum, chromatography-mass spectrum, nuclear magnetic resonance, etc. (14). Omics-based methods have become a comprehensive solution for food fraud (15, 16).

PCR-based methods for the detection and differentiation of species have usually been applied due to their high specificity, sensitivity, and speed, including qPCR (17), digital PCR (18, 19), gene chip (20), and DNA barcode (21) which can quickly distinguish all animals and plants raw materials used in food and has attracted international attention and developed rapidly. TaqMan-based real-time quantitative polymerase chain reaction (qPCR) plays an important role in food authenticity identification. This method is highly sensitive, specific and DNA is stable at a high temperature and can be extracted in most cells. Such methods have been successfully developed to detect different materials affected by fraud. DNA-based molecular biology methods are still considered the most effective method for food authenticity identification (22). By selecting appropriate target genes based on the characteristics of gene evolution, it is possible to achieve satisfactory species and strain distinction. Even with certain biologically distinct individuals (23–26).

Here, we developed a real-time PCR method based on the TaqMan probe to identify the components of puffer fish of the genus Lagocephalus in food, including Lagocephalus inermis, Lagocephalus lagocephalus, Lagocephalus gloveri, Lagocephalus lunaris, and Lagocephalus spadiceus. This method is based on the amplification of the cytochrome oxidase subunit I (COI) gene. Due to the high variability of COI, it was selected to qualitatively identify the species of puffer fish of the genus Lagocephalus. The specificity of this method is determined by detecting cross-reactivity with other puffer fish family members and common fish species. The limit of detection (LOD) and stability of the method were evaluated.



Materials and methods


Materials

Complete samples of puffer fish have been identified by morphology. All puffer fish samples were provided by the Fisheries Research Institute of Fujian, including Lagocephalus inermis, Lagocephalus lagocephalus, Lagocephalus gloveri, Lagocephalus lunaris, Lagocephalus spadiceus, Takifugu vermicularis, Takifugu fasciatus, Takifugu xanthopterus, Takifugu bimaculatus, Takifugu flavidus, Takifugu rubripes, Takifugu oblongus, Takifugu alboplumbeus. Other fish samples used for the specificity test have also been identified in morphology, including Limanda aspera, Verasper variegatus, Verasper moseri, Platichthys stellatus, Paralichthys lethostigma, Oncorhynchus gorbuscha, Gadus macrocephalus, Sebastes schlegelii, Trachurus japonicus were obtained from Dalian Tianzheng Industrial Co., Ltd (Dalian, China). All fish materials information was listed in Supplementary Tables 1, 2. DNA oligonucleotides were synthesized by TaKaRa (Dalian, China) and set out in Supplementary Table 3. All sequences were purified by polyacrylamide gel electrophoresis (PAGE).



Deoxyribonucleic acid extraction

Fish meat samples were pulverized using a high-speed tissue masher (34BL99, Waring Blender dynamics Corp., New Hartford, CT, USA). Ground sample (200 mg) was taken for DNA extraction. DNA Extraction Kit (Code No. 9766, TaKaRa Co., Ltd., Dalian, China) was used according to the manufacturer’s recommendations. The operations were as follows: 10 mg sample materials were taken for low-temperature grinding by adding liquid nitrogen, then added 200 μL PBS buffer. Briefly, 200 μL VGB buffer, 20 μL proteinase K, and 1.0 μL carrier RNA were added and fully mixed in a 56°C water bath for 10 min. Then 200 μL 96–100% ethanol was added, and fully mixed. Placed the spin column on the collection tube, transferred the solution to the spin column, centrifuge at 12,000 × g for 2 min, and discarded the filtrate. Then, 500 μL RWA buffer was added to the spin column, 12,000 × g centrifuge for 1 min, and discarded the filtrate. And then, 700 μL buffer RWB was added to the spin column, 12,000 × g centrifuge for 1 min, and discard the filtrate. Repeat the previous step. Placed the spin column on the collection tube, and 12,000 × g centrifuge for 2 min. Placed the spin column in a new 1.5 ml RNase-free collection tube, and added 30–50 μL RNase-free dH2O, standing at room temperature for 5 min. Centrifugation at 12,000 rpm for 5 min. The products were dissolved in H2O.



Sequence retrieval and analysis

Puffer fish COI gene sequences of mitochondrial were retrieved from the official National Center for Biotechnology Information (NCBI) database GenBank.1 And then, these sequences as the template used for Blast analysis. In addition, the specificity of the primer and probes was tested by Blast. MEGA 4.0 software (27) was used to perform sequence alignment to screen high variability DNA fragments, examine the specificity of primers and probes, and guarantee that the primers and probes cannot theoretically amplify genes from related species. All sequence accession numbers were listed in Supplementary Table 2.



Quantitative polymerase chain reaction primers and probes design

Arrange the COI sequence of the target species and the DNA sequence of the most relevant species (such as the common puffer fish species of the genus Fugu) and screen for the fragments with the greatest variability.

Considering the impact of food processing on DNA quality, the amplification efficiency of real-time qPCR analysis was improved by designing primer pairs to amplify relatively short DNA fragments. The nucleotide sequences chosen for primer design were introduced into the program “Oligocalc” (28), and the length was optimized for the resulting “salt-adjusted” annealing temperature. Then, the annealing temperatures calculated by “Oligocalc” applying the “salt-adjusted” algorithm were used as starting values for the qPCR. Four qPCR methods were based on the TaqMan probe, modified with the reporter fluorophore, 6-carboxyfluorescein (FAM), and quencher fluorophore black hole quencher (BHQ_1) at 5’ and 3’ end, respective. L. inermisand and L. lagocephalus amplification fragment sizes were 196 bp, L. gloveri was 174 bp, L. lunaris was 150 bp, and L. spadiceus was 173 bp. Finally, 18SrRNA was used as the control gene to design primer and probe for detecting DNA of all sample materials to ensure no inhibitory contaminants. All primers and probes oligonucleotide sequences were listed in Supplementary Table 3 and synthesized by TaKaRa (Dalian, China).



Real-time quantitative polymerase chain reaction

Real-Time qPCR analysis was carried out in QuantStudio 7 Real-time fluorescent quantitative PCR system (Applied Biosystems, VA, USA). Real-time qPCR reaction was carried in a volume of 25 μL containing 16 μL Probe qPCR Mix (Code No. 391A, TaKaRa, Dalian, China), 1 μL forward primer (0.4 pmol/μL), 1 μL reverse primer (0.4 pmol/μL), 1 μL probe (0.4 pmol/μL), and 2 μL target DNA. The reaction blend was then subjected to 45 cycles at 95°C for 5 s and 60°C for 30 s, with fluorescence acquisition at each cycle. Each sample was analyzed three times.



Specificity and cross-reactivity

The specificity and cross reactivity of the detection methods were evaluated by qPCR analysis. Undiluted sample material DNA obtained from 13 closely related different puffer fish species and 9 other unrelated fish species listed in Supplementary Table 3 was used. DNA analysis of each species was repeated no less than 3 times. All sample DNA used for the test was detected with primers and probes of internal reference 18 S rRNA to avoid inhibitory substance.



Amplification efficiency (E)

In order to calculate the amplification efficiency (E) of qPCR, 8 series of dilution levels were prepared using the sample DNA of Lagocephalus inermis, Lagocephalus lagocephalus, Lagocephalus gloveri, Lagocephalus lunaris, and Lagocephalus spadiceus, including 100, 50, 20, 10, 5, 2, 1, and 0.1%. All samples were analyzed three times. Mean Ct values obtained for each point were plotted against the Log (DNA concentration (ng/μL), and a linear regression analysis was performed. Using the slope of the regression line, the qPCR efficiency was calculated using the equation E = 100 (10–1/slope − 1) and expressed in percent. For each target, the slope of the regression curve should be between 3.9 and 2.9 corresponding to PCR efficiencies ranging from 80 to 120%. Additionally, the correlation coefficient R2 of the curve is a measure of the linearity of the PCR reaction. The R2 for each target should be greater than 0.98.



Sensitivity tests

The LOD was experimentally determined according to accepted guidelines (28). DNA was extracted from Lagocephalus inermis, Lagocephalus lagocephalus, Lagocephalus gloveri, Lagocephalus lunaris, and Lagocephalus spadiceus, respectively, and diluted by Limanda aspera DNA extracted from slices of fish meat. Therefore, 8 series of dilution levels were prepared to simulate real samples for qPCR analysis and determine LOD, including: 100, 50, 20, 10, 5, 2, 1 and 0.1%. LOD6 of the qPCR method represents six replicate analyses performed for each dilution point of serial dilution. At least three times must be performed under repeat conditions, yielding a total of 18 results per dilution point. The lowest dilution level at which all 18 replicates show a specific positive amplification was considered as the LOD6. The analytical sensitivity of the qPCR method was present by LOD95%. The LOD95% refers to the use of the corresponding LOD6 level, one higher dilution level, and one lower dilution level, and each level is tested 60 times. All 60 replicates showed specific positive amplification, and the lowest dilution level was considered as LOD95% with a 95% confidence level. Statistical significance LOD95% was calculated by Semi logarithmic regression analysis (PRISM, Graphpad Software Inc., San Diego, CA, United States), input of the corresponding number of sample materials, the number of repetitions, and the number of positive results in qPCR detection.



Robustness evaluation

The robustness of puffer fish detection was checked by changing conditions of the qPCR reaction such as the qPCR instrument (CFX 96 Real-Time qPCR System, Bio-Rad Co., Ltd, Hercules, CA, USA), the concentration of primers and probes (±25%), and the annealing temperature S6. In each combination, a template in an amount of four times the LOD6 was added to the assay, at least repeat three times in one run. Regression analysis was carried out with SPSS (statistical product and service solutions, IBM Inc.) software, and the Kruskal Wallis H test was used to evaluate the significance level of difference in results obtained by orthogonal design combination of each method. When the p > 0.05, there was no significant difference in results.




Results and discussion


Development of the specific quantitative polymerase chain reaction method for five specific of puffer fish in Lagocephalus

The DNA fragment of the mitochondrial Cytochrome Oxidase Sub-unit I (COI) gene was selected as the target of the developed real-time qPCR method for puffer fish species identification. The base sequence of the COI gene region has a large genetic variation among species, but a small genetic variation within species, was stable and has high identification ability, and has been widely used for fish species identification (29–31). We have searched almost all the genus Lagocephalus in NCBI, there are 18 accession numbers of COI gene sequences of Lagocephalus inermis and 9 accession numbers of COI gene sequences of Lagocephalus lagocephalus. The homology of COI genes between these two species is 100%. In addition, there are 15 accession numbers of Lagocephalus gloveri, 19 accession numbers of Lagocephalus lunaris, and 41 accession numbers of Lagocephalus spadiceu in NCBI. They have differences in nucleic acid sequences, which can realize the identification of each species. The DNA sequences of 5 species of puffer fish in the genus Lagocephalus and 8 species of puffer fish in the genus Takifugu were aligned (Figure 1), and primer sequences that could distinguish the DNA sequences of 5 species of puffer fish in the genus lepidocephalus from those of other species were searched. The sequences of five Lagocephalus and eight Takifugu were comparable to search primers that can distinguish the DNA sequences of five species of Lagocephalus, Takifugu and other puffer fish species (Figure 1). All the designed primers could theoretically exclude other species of puffer fish. However, it was worth noting that the COI sequence of Takifugu vermicularis with three accession numbers in NCBI has 100% homology with that of Lagocephalus inermis and Lagocephalus lagocephalus. It is impossible to distinguish these three species based on the COI sequence. Nevertheless, it has been revealed that the homology analysis results of the 18 S rRNA, Cytb, and COI DNA fragment sequences of Takifugu vermicularis all belong to the same group as the genus Lagocephalus, with a homology of 99–100% (32).
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FIGURE 1
Alignment of a segment of the COI gene region of different puffer fish species for the development of the specific qPCR method for L. inermis and L. lagocephalus (A), L. gloveri (B), L. lunaris (C), and L. spadiceus (D). The location and orientation of primers and probes are indicated by lightgray and darkgray boxes, respectively. Differential bases are indicated by red. ***Represents the omitted part in oligonucleotide sequence.




Specificity and cross-reactivity

In order to determine the specificity of the qPCR method, the DNA of target sample materials (L. inermis, L. lagocephalus, L. gloveri, L. lunaris, and L. spadiceus) and non-target sample materials were analyzed. To exclude possible inhibitory effects in DNA preparations, samples were analyzed by qPCR using the primers and probe of internal reference of 18 SrRNA. All target and non-target fish species sample were successfully amplified on tested (Supplementary Table 4), confirming the suitability of sample DNA for qPCR assays. In the qPCR detection method of L. inermis and L. lagocephalus, the two species puffer fish could be detected at the same time, and had cross reactivity with the T. vermicularis, no false-positive signal was detected in other tested samples. The results of specificity test also verified that the sequence homology of the COI gene of L. inermis, L. lagocephalus, and T. vermicularis, indicating that the genus classification of T. vermicularis needs further exploration. In addition, in the respective qPCR detection methods of L. gloveri, L. lunaris and L. spadiceus, no cross reactivity was found in the DNA of non-target sample materials, and no false-positive signal was detected (Figure 2). These qPCR analysis results confirmed the accuracy and specificity of the detection method.
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FIGURE 2
Specificity results of real-time qPCR methods. qPCR Ct value corresponding to puffer fish and other meat DNA, (A) L. inermis, L. lagocephalus, and T. vermicularis was detected and the Ct value was 20.58 ± 0.09, 22.61 ± 0.24, and 25.43 ± 0.11, respectively. Other 19 species fish were undetected. (B) L. gloveri was detected and the Ct value was 22.71 ± 0.38. (C) L. lunaris was detected and the Ct value was 22.99 ± 0.47. (D) L. spadiceus was detected and the Ct value was 25.98 ± 0.28. Inner: the Ct value for the samples with 22 species of fish. L. ine, Lagocephalus inermis; L. lag, Lagocephalus lagocephalus; T. ver, Takifugu vermicularis; L. glo, Lagocephalus gloveri; T. jap, Trachurus japonicus; L. spa, Lagocephalus spadiceus; P. let, Paralichthys lethostigma; L. lun, Lagocephalus lunaris; O. gor, Oncorhynchus gorbuscha; T. fas, Takifugu fasciatus; G. mac, Gadus macrocephalus; T. bim, Takifugu bimaculatus; V. var, Verasper variegatus; T. rub, Takifugu rubripes; S. sch, Sebastes schlegelii; T. alb, Takifugu alboplumbeus; P. ste, Platichthys stellatus; V. mos, Verasper moseri; T. xan, Takifugu xanthopterus; T. obl, Takifugu oblongus; L. asp, Limanda aspera; T. fla, Takifugu flavidus.




Amplification efficiency (E) and linearity (R2)

The qPCR efficiency of these four methods was analyzed by qPCR at eight consecutive dilution levels (m = 8) of DNA samples from five species puffer fish in the genus Lagocephalus including L. inermis, L. lagocephalus, L. gloveri, L. lunaris, and L. spadiceus. Each dilution level is tested at least three times. The threshold cycle value (Ct value) was compared with the DNA concentration (pg/μL) to draw a linear regression curve. According to the equation E = 100 (10–1/slope − 1), the analysis efficiency is determined as the slope of the regression line, which shows a good linear relationship between Ct value and DNA concentration (Figure 3). The correlation coefficient R2 of these qPCR methods is 0.9808–0.9903, the slope of the regression curve is −3.824 to −3.228, and the efficiency E is 82.60–104.07% (Supplementary Table 5). These results match the specifications of the common qPCR validation guidelines, with a required linearity (R2) should be ≥ 0.98, the slope of the regression curve should be between −3.9 and −2.9 corresponding to an efficiency (E) from 80 to 120%.
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FIGURE 3
Standard curves of the analyses of eight dilution levels for the real-time qPCR assays. (A) L. inermis, (B) L. lagocephalus, (C) L. gloveri, (D) L. lunaris, (E) L. spadiceus. All samples were analyzed three times.




Sensitivity

The sensitivity of the qPCR method was an important parameter that needs to be evaluated, especially considering the regulations that wild puffer fish were not allowed to eat cultured by unauthorized certification companies, and the detection of species that may contain low concentrations. In this study, the sensitivity of the qPCR LOD was expressed by LOD6 and LOD95%. It is determined by measuring the serial dilution level of DNA of five kinds of puffer fish samples in their respective detection. The LOD6 of L. inermis and L. lagocephalus was 37.24 pg and 32.90 pg, and the LOD95% was 40.83 pg (17.31–233.44 pg, 95% CI) and 45.64 pg (19.25–265.22 pg, 95% CI), respectively. For L. gloveri, L. lunaris, and L. spadiceus the LOD6 was 35.99, 33.91, and 32.85 pg, and the LOD95% was 34.79 pg (14.70–207.20 pg, 95% CI), 32.78 pg (13.85–195.23 pg, 95% CI), and 31.76 pg (13.41–189.13 pg, 95% CI), all of the five qPCR methods had highly sensitive (Supplementary Table 6 and Figure 4). This highly sensitive indicates that when the aquatic products contain 0.1% of a small amount of wild puffer fish materials without certification, they can be tracked reliably (Figure 5).
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FIGURE 4
Probit regression analysis using MedCalc Software was performed on data of 6 replicates (m = 6, n = 3) from serial dilutions by the specific qPCR methods. (A) L. inermis, (B) L. lagocephalus, (C) L. gloveri, (D) L. lunaris, (E) L. spadiceus.



[image: image]

FIGURE 5
Real-time qPCR results of the sensitivity analyses. Typical fluorescence curves of qPCR method corresponding to the addition of different percentage of different species puffer fish added into mixture meat ranging from 0 to 100% (0, 0.001, 0.1, 1, 2, 5, 10, 20, 50, and 100%). Inner: the Ct value for the samples with 0.001–100% puffer fish. (A) L. inermis, (B) L. lagocephalus, (C) L. gloveri, (D) L. lunaris, (E) L. spadiceus. All values are presented as mean ± s.d. Statistical significances were obtained by the Mann Whitney test.




Robustness

To evaluate the robustness of the qPCR methods, we used orthogonal design to slightly change the principal different experimental conditions, such as the qPCR instruments, qPCR reagents, primer, and probe concentrations, and slight deviations of PCR annealing temperature. We used a 5% DNA template sample to examine the impact of the aforementioned variables on the stability of the results. In the orthogonal design combination of each method, there was no significant difference in the Ct values of the five species of puffer fish in the genus Lagocephalus (Figure 6 and Supplementary Tables 7, 8). For L. inermis, the Ct value was 29.84 ± 0.43 (p = 0.692). For L. lagocephalus the Ct value was 30.23 ± 0.20 (p = 0.063). For L. gloveri the Ct value was 28.33 ± 0.34 (p = 0.433). For L. lunaris the Ct value was 28.59 ± 0.20 (p = 0.291). For L. spadiceus the Ct value was 28.61 ± 0.24 (p = 0.564). Data in above are mean ± s.d. (n = 3). Thus, it can be concluded that the statistical p-value >0.05 of each method’s Ct values, these qPCR methods were stable, and can be transferred to other laboratories and used in routine analysis.
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FIGURE 6
Results of the robustness experiments for the specific of qPCR methods. (A) L. inermis, (B) L. lagocephalus, (C) L. gloveri, (D) L. lunaris, (E) L. spadiceus. In (A–E), box plots are centered around the median. Minima and maxima are shown as the bottom and top of the box plots, respectively. All values are presented as mean ± s.e.m. Kruskal Wallis H test was used. NS, not significant.





Conclusion

This study describes a method for detecting five common puffer fish species belonging to the genus Lagocephalus: L. inermis, L. lagocephalus, L. gloveri, L. lunaris, and L. spadiceus. These methods were able to detect as little as 0.1% (w/w) puffer fish content, and the statistical p-value for each method’s Ct values was greater than 0.05. Each of these qPCR methods did not identify any cross-reactivity in the DNA of 21 non-target species sample materials nor detect any false-positive signals.

In summary, the developed qPCR methods were sensitive, highly specific, robust, and reproducible, which could be a viable tool for analyzing the authenticity of puffer fish aquatic goods. It is also universal, which means that it can be applied to detect any species-specific DNA sequence and thus detect other types of food fraud. This is attributed to the molecular recognition of the species-specific DNA sequences is carried out by hybridizing the analyzed DNA sequences with complementary oligonucleotide probes. This method can detect puffer fish species rapidly and end within 45 min, and also allows tracing the cause of poisoning after a food poisoning incident.
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Tenderness is a key attribute of meat quality that affects consumers’ willingness to purchase meat. Changes in the physiological environment of skeletal muscles following slaughter can disrupt the balance of redox homeostasis and may lead to cell death. Excessive accumulation of reactive oxygen species (ROS) in the myocytes causes DNA damage and activates poly ADP-ribose polymerase 1 (PARP1), which is involved in different intracellular metabolic pathways and is known to affect muscle tenderness during post-slaughter maturation. There is an urgent requirement to summarize the related research findings. Thus, this paper reviews the current research on the protein structure of PARP1 and its metabolism and activation, outlines the mechanisms underlying the function of PARP1 in regulating muscle tenderness through cysteine protease 3 (Caspase-3), oxidative stress, heat shock proteins (HSPs), and energy metabolism. In addition, we describe the mechanisms of PARP1 in apoptosis and necrosis pathways to provide a theoretical reference for enhancing the mature technology of post-mortem muscle tenderization.
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1 Introduction

Tenderness is an important indicator to evaluate the edible value of meat. Surveys have reported that consumers have a strong desire to buy meat with better tenderness. Muscle includes muscle fibers, intermuscular fat and connective tissue (1). Its structure and complex relationship are the material basis of tenderness. Myofibrillar protein hydrolyzed by endogenous enzymes in muscle fibers is the most important factor affecting meat tenderness (2). Calpain can catalyze the degradation of myofibrils, improve the tenderness of postmortem muscles, and enhance meat quality. Huang et al. (3) used Calpain inhibitor to study its effect on chicken breast tenderness confirming that Calpain catalyzed myogenic fiber degradation is the primary reason for increased muscle tenderness and meat maturation after slaughter. During postmortem maturation, muscle triggers a series of cascade reactions due to environmental changes. Mitochondria in myocytes not only respond to ATP depletion in myocytes by accelerating the glycolytic process but also release different regulatory factors to induce apoptosis and regulate muscle tenderness. These factors include cytochrome c (cyt-c) (4), endonuclease G (Endo G), and apoptosis inducing factor (AIF) (5). At the same time, mitochondria are damaged, the body produces too much ROS, and the body is in a state of oxidative stress due to imbalance in oxygen radical metabolism in response to environmental change (6).

Poly ADP-ribose polymerase 1 is a DNA repair enzyme that has been implicated in DNA damage repair, apoptosis, necrosis, chromosome modification, and transcription (7). It can interact with Calpain and Caspase to catalyze the degradation of myogenic fibronectin, which in turn regulates muscle tenderness. However, the influence of PARP1 on meat tenderness and its related mechanism are poorly known. Therefore, this paper reviews the molecular structure characteristics and metabolic mechanism of PARP1, and summarizes the related mechanism of PARP1 in postmortem muscles participating in the pathway of apoptosis and necrosis and affecting muscle tenderness. The paper further focuses on the skeletal protein degradation and apoptosis processes to provide directions for postmortem muscle tenderization research.



2 PARP family and PARP1 activity


2.1 PARP family

Poly ADP-ribose polymerase is a family of poly ADP-ribose polymerases with 17 members identified that are largely distributed in the nucleus of eukaryotic cells, and responsible for catalyzing ADP-ribose modification in cells (8). The current family members, namely, PARP1, PARP2, and PARP3 are DNA-dependent and their common tryptophan-glycine-arginine (WGR) structural domain is a major regulator of catalytic activity, which can interact with damaged DNA to repair it in a timely manner (9). PARP1 is the most abundant and well-studied protease in the PARP family, which plays a significant role in apoptosis and DNA repair. PARP2 is responsible for base excision and single-strand break repair in DNA; it can bind specifically to damaged DNA end gaps and form a catalytic conformation. Chen et al. (10) demonstrated that PARP2 synthesizes a new poly-ADP ribose chain through the N-terminus with PARP1 located at the site of DNA damage. The N-terminal binding domain of PARP3 consists of only 40 amino acids and has a partial PARP1 N-terminal binding domain function; the WGR structural can bind to the DNA and transmits the information to the C-terminal structural domain (11). Vyas et al. (12) and Rulten et al. (13), respectively, demonstrated that PARP3 can modify the target proteins via the mono ADP-ribose (MAR) activity, which is different from the poly-ADP-ribose (PAR) activity of PARP1 and PARP2.



2.2 Structure of PARP1

Poly ADP-ribose polymerase 1, 1,014 amino acids long, consists of an N-terminal DNA-binding domain (DBD), automodification domain (AMD), and C-terminal catalytic domain (CAT), as shown in Figure 1. The DBD domain contains three zinc finger (Zn) structures, one nuclear localization signal (NLS), and an aspartate-glutamate-valine-aspartic acid (DEVD) structural related to apoptosis (14). Eustermann et al. (15) reported that Zn1 and Zn2 of the DBD domain can specifically recognize DNA damage gaps by binding to the 5′ and 3′ ends, respectively, which are distributed on both sides of DNA break sites, whereas Zn3 links the structural domains to activate the target protein. Zhou verified that NLS can recognize the Caspase cleavage site at DNA strand breaks and localize PARP1 in the nucleus. Subsequently, the two zinc finger structures can bind to and repair the DNA damage site (16). The AMD structural domain is adjacent to the WGR structural and contains a breast cancer type 1 (BRCT) structural that catalyzes PARP1-mediated synthesis of poly-ADP ribose chains. The CAT structural domain, a crucial region for linking NAD+ and catalyzing PAR synthesis, consists of the α-helical subdomain (HD) and ADP-ribosyl transferase (ART) subdomain, which contains a nicotinamide adenine dinucleotide (NAD+) binding site and a PAR catalytic site (17, 18). Rudolph et al. (19) reported that WGR, a core component of the CAT structural domain in PARP1, can interact with DNA, Zn1, Zn3, and CAT to form an inter-regional network linking the damaged DNA to the CAT structural domain. Furthermore, the Arginine (Arg) 591 site of the WGR structural domain can interact with the HD structural domain of PARP1.
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FIGURE 1
Poly ADP-ribose polymerase 1 (PARP1) structure.




2.3 PARP1 metabolism and activation


2.3.1 PARP1 metabolism

Metabolism of intracellular PARP1 occurs via PAR metabolism, including the formation and degradation of PAR multimers. In the absence of DNA damage, PARP1 activity is very low. In the presence of DNA damage, PARP1 is activated and its activity increases more than 500-fold. Excessive activation of PARP1 can produce an abundance of PAR, thereby inducing the release of AIF in mitochondria after polymerization (20). Gibson and Kraus (21) suggested that PARP1 synthesized by PARP1 in the nucleus could serve as a scaffold for DNA repair and recruit DNA repair proteins to the damaged site.

Poly ADP-ribose polymerase 1 cleaves the substrate NAD+ to ADP ribose and niacinamide, further catalyzes ADP ribose transfer, and polymerizes to glutamate residues of nuclear proteins, thus synthesizing large homopolymer PARs with more than 200 PARs and high branching (22). Buch-Larsen et al. (23) reported that PARP1 covalently binds adenosine diphosphate-ribose units via lipid exchange reactions to active modification sites of glutamate (Glu) and serine (Ser) residues, including Glu 488 and 491 and Ser 499, 507, and 519, which are subsequently and repeatedly catalyzed by PARP1 to form PAR chains on PARP1 itself or target proteins (Figure 2). PAR is degraded rapidly after synthesis by poly ADP-ribose glycohydrolase (PARG), whereas the binding activity of PARP1 to DNA is reactivated after PAR degradation.
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FIGURE 2
Poly ADP-ribose polymerase 1 (PARP1) modification sites.




2.3.2 PARP1 activation

The Zn or WGR structure in PARP1 protein binds to DNA to activate PARP1, which in turn participates in DNA repair. The activation of PARP1 is primarily caused by DNA damage. Intracellular oxidative stress can precipitate mitochondria to produce excessive reactive oxygen species (ROS, H2O2, NO, etc.) to induce DNA damage, and subsequently activate PARP1 with negative feedback. In the presence of slight DNA damage, PARP1 activation will timely repair the DNA break. In the presence of moderate damage, intracellular Caspase-3 and Caspase-7 would cleave PARP1 into PARP1-89 kDa and PARP1-24 kDa fragments to initiate cell apoptosis. However, when DNA is severely damaged, PARP1 will be overactivated and use the excess of intracellular NAD+, resulting in NAD+ depletion, reduced ATP levels, and eventually leading to cell necrosis (24). The activation of PARP1 accelerates the depletion of intracellular energy, decreases the ATP content, reduces NAD+ content, and alters the internal environment to accelerate cell death (25). In addition, the activation degree of PARP1 determines whether cells undergo apoptosis or necrosis by altering the levels of intracellular ATP (26).





3 PARP1 mediates cell death

Apoptosis and necrosis are the major death modes of postmortem myocytes, which are inter convertible and share similar characteristics. Cao et al. (27) observed that muscle cells of postmortem beef displayed necrosis characteristics such as vitrification of muscle fibers, lax cell nucleus and cytoplasm, and disappearance of the nucleus and cytoplasm, proving that apoptosis and necrosis of muscle cells coexisted. Similarly, Degterev et al. (28) believe that apoptosis and necrosis are two extreme types of cell death, and the two modes of death can be transformed into each other, and there will be coexistence of apoptosis and necrosis characteristics. Intracellular enzymes exist in cell apoptosis and necrosis and affect muscle tenderization by acting on cytoskeleton proteins.


3.1 PARP1 mediates apoptosis

After animal slaughter, the physiological activity of muscle tissue did not stop immediately. Under ischemia, hypoxia, and nutrient disruption apoptosis inducing factors can trigger myocytes to initiate the apoptotic program via coordinated control of multiple genes (29). As shown in Figure 3, the main cell-initiated apoptotic pathways include the exogenous death receptor pathway, endogenous mitochondrial pathway, PARP1 can all be involved in the onset of apoptosis through these pathways (30).
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FIGURE 3
The main pathways of apoptosis.


The death receptor pathway is activated by the cleavage of specific substrates by apoptotic effector enzymes. Death receptors on the cell surface bind to death ligands to recruit the Fas-associating protein with a novel death domain (FADD), which further binds to Caspase-8 precursors and activates Caspase-8 by FADD, which further binds to Caspase-8 precursor and activates Caspase-8 by forming a death-inducing signaling complex (DISC) (31). Activated Caspase-8, in turn, activates downstream Caspase-3, Caspase-6, and Caspase-7 through a cascade reaction, thus completing the apoptotic process (32). PARP1 is a substrate of Caspase, which is cleaved by Caspase-3 and Caspase-7 into PARP1 fragments (24 kDa N-terminal and 89 kDa C-terminal) in the Zn3 region, thereby losing PARP1 activity, which can retain ATP for subsequent energy consumption during apoptosis (33). Using DNA fragmentation, Lu et al. (34) demonstrated that Caspase-3 in the activated state cleaves PARP1 at specific sites into a binding structural domain (24 kDa) and a catalytic structural domain (89 kDa), leading to PARP1 inactivation. The 24 kDa PARP1 fragment is associated with DNA damage, which can bind to DNA ports and prevent the binding of intact PARP1 and DNA damage, ensuring that repair proteins are not recruited to chromosomes, resulting in DNA strand repair, and finally, complete apoptosis mediated by Caspase-3 (35). Mortusewicz et al. (36) reported that PARP1 recruited at the site of DNA damage could be cleaved, dissociating the 89 kDa fragment after cleavage and retaining the 24 kDa fragment at the site of DNA damage. The 89 kDa PARP1 fragment does not contain the DBD structural domain, and damaged DNA cannot activate it, thereby reducing intracellular energy consumption and providing sufficient energy to support apoptosis. In addition, the 89 kDa fragment catalyzes ADP ribosylation on RNA polymerase III (Pol III) complexes, activating innate immune responses and promoting apoptosis (37). Qin (38) used a high glucose-induced oxidative stress model to activate PARP1 and then inhibited PARP1 activity by ABT888. Moreover, Qin (38) confirmed that PARP1 reduced high glucose-induced cardiomyocyte apoptosis by activating the IGF-1R/Akt pathway. In conclusion, PARP1 participates in the occurrence of cell apoptosis by producing Caspase-3-mediated cleavage products of 24 kDa and 89 kDa fragments.

The mitochondrial pathway initiates in the mitochondria and is usually activated in response to injury or stress in cells within the body. When the mitochondria receive apoptotic signals, the mitochondrial membrane permeability transition pore (MPTP) is opened. Apoptotic factors, such as Cyt-c, AIF, and Endo G, are released from the mitochondria into the cytoplasm. Cyt-c released into the cytoplasm oligomerizes with apoptosis protease-activating factor (Apaf-1), leading to the conformational change in Apaf-1 to generate a heptameric apoptotic complex, which activates the apoptosis-initiating enzyme Caspase-9, thereby activating the downstream apoptosis effector enzymes Caspase-3 and Caspase-7 and initiating the apoptotic cascade response (39). However, AIF and Endo G can act directly on the nucleus, constituting another apoptotic pathway independent of apoptotic enzymes (40). Chen et al. (5) stated that gallic acid can induce apoptosis by AIF and Endo G released from the mitochondrial pathway in NCI-H292 cells. During apoptosis in the mitochondrial pathway, AIF mediates the onset of non-Caspase-dependent apoptosis by recruiting downstream nucleases that interact with cyclophilin A (Cyp A) to form active nucleases causing DNA damage by cleavage (41). After the DNA is cleaved by AIF, PARP1 functions as a protease to repair the damaged DNA and prevent chromosome shrinkage and DNA fragmentation. When large amounts of DNA are damaged, PARP1 fragments interact with AIF in the cytoplasm through the PAR polymer. PARP1 activation mediates AIF-dependent apoptosis, causing it to translocate from the mitochondria to the nucleus where apoptosis occurs. Sun et al. (42) reported that ionizing radiation can induce the death of HepG2 cells, thus releasing AIF from the mitochondria and transferring it to the nucleus by ionizing radiation, causing DNA breakage and leading to cell apoptosis. This finding indicates that ionizing radiation can induce HepG2 cell apoptosis through the AIF pathway. Yu et al. (43) demonstrated that AIF enters the mitochondria through the N-terminal mitochondrial localization signal, which is truncated by Calpain and cathepsin into a 57 kDa fragment and released into the cytoplasm in response to the death signal.

When the endoplasmic reticulum is strongly stimulated, the number of error proteins or unfolded proteins in the endoplasmic reticulum rapidly increases, beyond the range that the endoplasmic reticulum can handle, thereby disrupting the internal homeostasis and causing apoptosis (44). Calcium depletion is the primary cause of apoptosis induced by endoplasmic reticulum stress (ERS). When ERS occurs, a large amount of Ca2+ in the ER enters the cytosol, and activates Calpain and Caspase-12, further activating the downstream effector Caspase-3, ultimately leading to apoptosis (45). In the absence of DNA damage, the release of Ca2+ from the inositol triphosphate (IP3) receptor in the ER activates PARP1. Homburg et al. (46) studied nerve cells and contractile cardiomyocytes and reported that the release of intracellular stored Ca2+ could mediate PARP1 activation. After activation, PARP1 synthesizes excessive PAR to consume energy in cells. Caspase can timely bind to the active site of PARP1 and cleave it into fragments to destroy the PARP1 activity and provide energy for the subsequent occurrence of apoptosis.



3.2 PARP1 mediates necrosis

Regulatory cell necrosis is characterized by increased membrane permeability, irregular changes in the appearance of certain cells, cell membrane fragmentation, cell contents leakage, and severe inflammatory reaction (47). Cell necrosis includes programmed necrosis, iron necrosis, and cyclophilin D-dependent necrosis, Parthanatos et al. (48). Among them, Parthanatos occurs mediated by PARP1, where cells lose their integrity, phospholipid bilayer exfoliates, nucleus shrinks, mitochondrial depolarization and chromatin agglutination occurs, and the DNA is broken into fragments of approximately 50 kb, in a Caspase-independent manner.

The hallmarks of the occurrence of Parthanatos include excessive activation of PARP1, PAR accumulation, and AIF nuclear translocation. Oxidative stress can cause DNA damage, and PARP1, a DNA damage receptor, is over-activated causing the occurrence of Parthanatos (49, 50). As shown in Figure 4, PARP1 is rapidly activated after the occurrence of DNA damage, and PAR polymer accumulates in the cells and consumes a large amount of NAD+, thus inhibiting the activity of the mitochondrial oxidative respiratory chain complex enzyme, blocking the tricarboxylic acid cycle pathway, impairing mitochondrial energy metabolism, and inducing the release of AIF from the mitochondria and its transfer to the nucleus (51–53). After AIF enters the nucleus, the large DNA fragment is degraded to a 50 kb fragment. In the mode of death of Parthanatos, AIF can be combined with macrophage migration inhibitory factor (MIF) in the cytoplasm, and this complex then enters the nucleus (54). MIF can perform nuclease function to degrade 3′ ssDNA, the intermediate product in the repair process of double-strand break (DSB), leading to the failure of DNA damage repair, resulting in nuclear shrinkage, chromatin agglutination, and DNA cleavage into small fragments (43). Park et al. (55) reported that the knockout of the MIF gene protected the neurons from damage caused by necrosis, further confirming the indispensable importance of MIF in the occurrence of Parthanatos. Baritaud et al. (56) reported that AIF enters the nucleus and binds to histone H2AX and the nucleic acid endonuclease CypA, leading to the formation of DNA degradation complexes to cause chromatin agglutination and promote DNA breakage. Andrabi et al. (57) demonstrated that PARP1 fragments interact with AIF in the cytoplasm through PAR polymers. Park et al. (58) reported that β-Lapachone induced non-caspase-dependent death of hepatocytes, with significantly enhanced activity of PARP1. Simultaneously, nuclear translocation of AIF was observed. The analysis showed that β-Lapachone activated the PARP1 activity and promoted the emergence of AIF, which in turn induced hepatocyte necrosis.
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FIGURE 4
Molecular mechanism of Parthanatos.





4 PARP1 regulates the tenderization mechanism of postmortem muscles

Poly ADP-ribose polymerase 1, as a protease, can affect the structure of cytoskeleton proteins by acting on endogenous enzymes through cell apoptosis and cell necrosis, and can directly or indirectly participate in the muscle tenderization mechanism. D’Alessandro et al. (59) performed an integrated proteomics, interactomics and metabolomics analysis of Longissimus dorsi tender and tough meat samples from Chianina beef cattle. Indicating that tenderness was related to apoptosis through increase of HSPs and PARP fragment, that’s because oxidative stress promoted meat tenderness and elicited heat shock protein responses, which in turn triggered apoptosis-like cascades along with PARP fragmentation. At present, the regulatory mechanism of muscle tenderness involves Caspase, Calpain endogenous enzymes, and energy metabolism.


4.1 Tenderness is influenced by the regulation of cytoskeletal protein degradation

Improvement in the post-slaughter tenderness of the meat is primarily attributed to the degradation of myogenic fibrous proteins, especially structural and cytoskeletal proteins (60). Proteins highly associated with meat tenderness largely include myosin (Titin), concomitant actin (Nebulin), and troponin-T (Troponin-T) (61). At present, there are many enzymes related to the degradation of cytoskeletal proteins, including Calpain, cathepsin, and apoptotic enzymes, whose hydrolysis of cytoskeletal proteins is closely related to the improvement of postmortem muscle tenderness (62, 63).

Caspase-3 is a terminal factor in the apoptotic cascade that affects muscle tenderization by disrupting the myofibrillar structure and degrading cytoskeletal proteins. Huang et al. (64) reported that Caspase-3 inhibitors inhibited the degradation of myofibrillar proteins in skeletal muscle cells, indirectly proving that Caspase-3 was involved in the degradation of myofibrillar proteins. Activated Caspase-3, an important protease, is involved in postmortem meat tenderization and has been implicated in myofibrillar degradation during muscle maturation. Huang et al. (65) incubated myofibrillar proteins of beef skeletal muscles with recombinant Caspase-3 in vitro and found that numerous myofibrillar protein degradation including titin, nebulin, troponin-T etc. Indicating the involvement of Caspase-3 in protein hydrolysis in muscles. PARP1 is a marker of hydrolytic skeletal muscle protein that is specifically recognized by Caspase-3 and cleaved into 89 kDa and 24 kDa fragments. It regulates the process of the death receptor pathway in apoptosis (66, 67). Cao et al. (68) reported that caspases cleave the PARP1 of 113 kDa to 24 kDa PARP1, which is also generated by the breakdown of PARP1 substrates of caspases. Huang et al. (69) reported that Caspase-3 activation sheared PARP1 protein, accelerated the apoptosis of muscle cells in duck meat, promoted the degradation of myofibrillar proteins, and improved the tenderness of duck meat. Kemp et al. (70, 71) studied the protein hydrolysis in the skeletal muscles of pork after slaughter and reported that Caspase-3 cleaves PARP1 protein and degrades the cytoskeleton, which plays a key function in pork tenderization. Zhang (72) incubated dairy goat meat with calcium chloride and tea polyphenols during post-slaughter maturation and found that these significantly increased the protease activities of PARP1 and Caspase-3 in myocytes, resulting in increased degradation of interstitial line proteins. This finding suggested that apoptosis inducers can regulate muscle tenderness by promoting apoptosis in skeletal muscle cells (72). Saccà et al. (73) used the degradation pattern of PARP1 to assess the aging process in bovine muscles confirming that apoptotic processes occur in Longissimus lumborum (LL) and Infraspinatus (IS) during the early postmortem period and that may contribute to cell degradation of skeletal proteins. In conclusion, PARP1 is activated by caspase-3 cleavage to accelerate skeletal protein degradation (Figure 5A), thereby positively affecting the post-slaughter muscle tenderization of livestock.
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FIGURE 5
(A) PARP1 through Caspase-3, Sirt1, and HSPs regulates the tenderization mechanism of postmortem muscle. (B) PARP1 through energy metabolism regulates the tenderization mechanism of postmortem muscle.


Postmortem environmental changes result in excessive production of ROS in myocytes, such that the antioxidant defense system becomes insufficient to combat ROS, resulting in an imbalance between the oxidative and antioxidant systems and causing oxidative stress in the myocytes (74). Oxidative stress mediates protein oxidation, weakens the activity of proteolytic enzymes, and causes cross-linking and polymerization between protein molecules, thereby affecting the degradation of skeletal proteins, which is detrimental to the tenderization of muscles (75). Calpain degrades skeletal proteins, destroys the ultrastructure of muscle fibers, weakens the Z-line such that it disappears, causes fragmentation of myofibrils, and accelerates muscle tenderness. Carlin et al. (76) used Calpain to incubate porcine myofibrils supplemented with H2O2 and reported that oxidation changed the structure of myosin and actin and reduced the proteolytic activity of Calpain. Chen et al. (77) reported that packaging porcine dorsal longissimus muscle with high oxygen during storage enhanced the hydrophobicity of the protein surface, increased the carbonyl content, and enhanced protein oxidation. Protein oxidation inhibited the activity of μ-Calpain in the muscles, thereby delaying the degradation of skeletal proteins such as troponin-T and intercalary line proteins in pork. Silent information regulator 1 (Sirt1) enhances mitochondrial biogenesis, upregulates the activities of antioxidant enzymes superoxide dismutase (SOD) and succinate dehydrogenase (SDH) to play an antioxidant role and increases the expression of Sirt1, thus inhibiting the accumulation of ROS in myocytes (78). In contrast, excessive activation of PARP1 inhibits the expression of Sirt1, reduces the activity of mitochondrial complex I, inhibits the function of nicotinamide adenine dinucleotide (NADH) oxidase, induces the uncoupling of mitochondrial electron transport chain, induces the generation of superoxide anion radical (O2-–), thus aggravating the oxidative stress in myocytes (79, 80). Cantó et al. (81) reported that over-activation of PARP1 can deplete large amounts of NAD+, thereby reducing intracellular NAD+ content to 20–30%, which in turn inhibits Sirt1 function and leads to increased levels of intracellular oxidative stress. Zhang et al. (82) enhanced the ubiquitination of PARP1 in mouse cells and found that the oxidative stress of cells was reduced following PARP1 proteasome degradation. As shown in Figure 5A, the overexpression of PARP1 inhibited Sirt1 activity, aggravated oxidative stress in myocytes, weakened the ability of proteolytic enzymes to degrade skeletal proteins, and reduced meat tenderness. Therefore, muscle tenderness can be improved by regulating PARP1 activity during postmortem maturation.



4.2 Tenderness is influenced by the regulation of apoptotic processes

Apoptosis enzyme belongs to cysteine protease and is mainly involved in cell apoptosis, which plays an important role in the transformation of muscle into meat. Therefore, the process of cell apoptosis is closely related to the tenderness of meat.

Heat shock proteins (HSPs) are a class of anti-apoptotic chaperone proteins, also known as heat stress proteins, that regulate the mitochondrial apoptotic pathway and can interact with apoptotic bodies (Apaf-1, Bax, Bcl-2, etc.), thereby preventing the activation of Caspase-3 and inhibiting the degradation of interstitial line proteins, and are molecular markers of meat tenderness (83, 84). As shown in Figure 5A, HSPs can bind to Caspase-3 to reduce its activity, which in turn affects the apoptotic process of cells. Ding et al. (85) reported that HSP27 binds to Caspase-3 during beef ripening and reduces the activity of Caspase-3, thereby inhibiting the degradation of myogenic fibrous proteins and thus hindering muscle tenderization. Balan et al. (86) observed the degradation of HSP27 in post-slaughter beef and reported that its degradation significantly correlated with the degradation of interstitial line proteins and troponin-T, and hypothesized that HSP27 degradation enhanced the hydrolysis of myogenic fibronectin by endogenous enzymes. Further studies demonstrated that HSPs not only bind the myofibrillar protein to act as a substitute for μ-Calpain, competitively inhibit μ-Calpain activity, and protect the integrity of myofibrils by reducing the enzymatic hydrolysis of myofibrillar protein, but also bind to the substrate site of Caspase-3 to inhibit its activity, followed by inhibiting the degradation of skeleton proteins (87). On the contrary, PARP1 is the activation substrate of Caspase-3, which can activate Caspase-3 and subsequently cleave PARP1 such that it loses its biological activity. Activated Caspase-3 can accelerate apoptosis and promote the degradation of skeletal proteins, which ameliorates muscle tenderness. Therefore, PARP1 can compete with HSPs for the Caspase-3 substrate site, promote the activation of Caspase-3, accelerate the degradation of myofibrillar protein, and facilitate the tenderization of postmortem muscles.

The ATP content in cells can affect cell apoptosis or necrosis, which is the crucial factor determining the cell death mode. Apoptosis requires energy consumption; ATP is required for the activation of Apaf-1 and Caspase precursors generated in the mitochondrial pathway (88). When energy is exhausted, apoptosis is inhibited, energy dependent life processes in myocytes stop, cell membranes are disrupted, and cytoplasm leaks out, leading to cell necrosis. Mitochondria are central regulators of apoptosis and provide sites for metabolic pathways such as oxidative phosphorylation, tricarboxylic acid cycle, energy conversion, and calcium ion storage under normal conditions (89, 90). After animal slaughter, the disruption of communication between muscle tissue and the outside world leads to tissue ischemia and hypoxia, which then leads to excessive ROS production in the metabolic processes of muscle cells. This cascade affects the functions of skeletal muscle mitochondria and damages the DNA structure in the cells, thus activating PARP1. The level of PARP1 activity is indirectly related to the mode of cell death, thus delaying or promoting muscle tenderization. The occurrence of necrosis is related to the decrease of intracellular NAD+ concentration. Excessive activation of PARP1 decreases NAD+ concentration, which is the primary factor causing the abnormal energy metabolism of cells. Simultaneously, PARP1 consumes a large amount of ATP while generating the PAR polymer, thus turning the cell death process from apoptosis to necrosis, which is not conducive to the tenderization of meat. However, NAD+ is a cofactor of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which participates in redox reactions. In addition, its depletion prevents ATP production by glycolysis in postmortem muscles. Chen et al. (91) used an acyl-CoA-binding domain containing 3 (ACBD3) to activate PARP1 and reported that a large amount of PAR was synthesized in the cytoplasm, which, in turn, reduced the intracellular NAD+ content. The introduction of mutant genes on the DEVD structural of PARP1 generates the mutant PARP1 that cannot be cleaved. The mutant PARP1 protein loses PAR activity and does not consume intracellular ATP and NAD+ (92). As shown in Figure 5B, PARP1 consumes large amounts of NAD+ and ATP, depleting intracellular energy and leading to cell necrosis, which in turn inhibits the activity of apoptosis enzymes. Caspase affects the tenderization of postmortem muscles, and inhibition of its activity delays the degradation of myogenic fibronectin in myocytes, which is negatively correlated with meat tenderness and is detrimental to post-slaughter meat tenderization (93).




5 Conclusion

This review details the structure and metabolic mechanism of PARP1, discusses the mechanism by which PARP1 mediates apoptosis and necrosis, and analyzes the potential mechanism by which it regulates muscle from the perspective of its ability to be activated by affecting oxidative stress and energy metabolism, get activated by Caspase-3 cleavage, and influence the competition for substrate sites by HSPs. PARP1 as a DNA damage receptor, in the presence of moderate DNA damage, PARP1 activation and participates in apoptosis through death receptors, mitochondria, and endoplasmic reticulum. In the presence of severe DNA damage it mediates the Parthanatos cell necrosis pathway. During the conversion of livestock from muscle to meat after slaughter, the mode of cell death affects the tenderness of the meat. Apoptosis activates Caspase-3, which destroys the structural integrity of muscle fibers and improves muscle tenderness, whereas cell necrosis exacerbates the accumulation of ROS and inhibits the activity of apoptotic enzymes, which is detrimental to post-slaughter meat tenderness.

We believe that although studies on regulating meat tenderness by regulating PARP1 are scarce, PARP1 can provide novel ideas for subsequent muscle quality research. In the future, multiomics analyses such as metabolomics, transcriptomics, and proteomics can be used to study the link between PARP1 and meat tenderness. In addition, new ideas can be explored to improve meat tenderness after slaughter. The aim is to provide a theoretical reference for the development of high-quality and safe meat production technology.
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The purpose of this research was to explore the different hydrodynamic cavitation (HC) times (0, 5, 10, 15, 20 min; power 550 W, pressure 0.14 MPa) on the emulsifying properties of tilapia myofibrillar protein (TMP). Results of pH, particle size, turbidity, solubility, surface hydrophobicity, and reactive sulfhydryl (SH) group indicated that HC changed the structure of TMP, as confirmed by the findings of intrinsic fluorescence and circular dichroism (CD) spectra. Furthermore, HC increased the emulsifying activity index (EAI) significantly (P < 0.05) and changed the emulsifying stability index (ESI), droplet size, and rheology of TMP emulsions. Notably, compared with control group, the 10-min HC significantly decreased particle size and turbidity but increased solubility (P < 0.05), resulting in accelerated diffusion of TMP in the emulsion. The prepared TMP emulsion showed the highest ESI (from 71.28 ± 5.50 to 91.73 ± 5.56 min), the smallest droplet size (from 2,754 ± 110 to 2,138 ± 182 nm) and the best rheological properties, as demonstrated by the microstructure photographs. Overall, by showing the effect of HC in improving the emulsifying properties of TMP, the study demonstrated HC as a potential technique for meat protein processing.
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1. Introduction

Myofibrillar protein (MP), which mainly consists of myosin and actin (1), accounts for 55–65% of the total muscle proteins (2). The emulsifying properties of MP not only affects the quality and performance of emulsified-type meat products (3, 4), such as frankfurter-type sausage (5), but also contributes to the development of nutritive foods with bioactive ingredients as a potential emulsifier (6). However, due to the poor functional properties of natural MP, MP-stabilized emulsions are usually easy to aggregate and flocculate, leading to the difficult in application of MP in the food industry (7). Furthermore, the emulsifying properties of MP are related to protein molecular size and protein conformational characteristics (8). Therefore, modification methods that can cause changes in the conformational characteristics or molecular size of MP may improve the emulsifying properties of MP, thus enhancing the quality of emulsified-type meat products.

In recent years, the physical modification of physicochemical structure of proteins by ultrasonic has attracted researchers’ attention because of its non-toxicity, safety, and environmental friendliness (9). Some authors reported that ultrasonic was used to induce the modification of the functional properties of MP, especially the emulsifying properties (10–12). The underlying mechanism of ultrasonic modification is largely attributed to the cavitation phenomenon during ultrasonic treatment (13). Hydrodynamic cavitation (HC) can produce the same cavitation phenomenon as ultrasonic (14). In HC, cavitation bubbles are generated when the liquid flows through the compression region, and the volume of cavitation bubbles continues to increase as the local pressure continues to decrease (15). However, when the subsequent pressure increases, cavitation bubbles will collapse and explode (16), accompanied by the cavitation effects of instantaneous high temperature and pressure, high-speed micro-jet, strong shock wave, and active free radicals in local areas of the liquid (17). In addition, HC is easier to operate, more energy-efficient and more suitable for scale production than ultrasonic cavitation (18).

Recently, HC treatment, as a novel processing technique, has been reported to enhance the physicochemical and functional properties of proteins. For example, Ren et al. (19) found that HC improved the emulsifying activity index (EAI) and emulsifying stability index (ESI) of soybean protein isolate (SPI), and both increased with the extension of HC treatment time. Yang et al. (17) found that HC improved the EAI, ESI, and adsorbed protein percentage, but decreased the oil droplet size, flocculation index, and interfacial protein concentration, improving the emulsifying properties of SPI. Moreover, HC had some positive effects on the functional properties of soybean glycinin (15) and milk protein concentrate (20). However, the research on the properties of MP modified by HC has not been reported, and the effects of HC on the emulsifying properties of MP are unclear.

Therefore, the objective of this research was to study the effects of different HC times (5, 10, 15, and 20 min) on the physicochemical structure and emulsifying properties of tilapia (Oreochromis niloticus) tilapia MP (TMP). The experimental parameters of the pH, particle size, protein solubility, and structural changes in TMP and droplet size, microstructure, and rheological properties of emulsions were tested to elucidate the internal mechanism of HC affecting the emulsifying properties of TMP. The results of this study would provide a theoretical basis and technical support for further study on the functional modification of TMP and production of emulsified-type meat products.



2. Materials and methods


2.1. Materials

Tilapia, each weighing 750–900 g, were obtained from a local fresh food supermarket (Liuzhou, China). After removing the scales, viscera, skin and bones, the tilapia fish was frozen at −18°C until used. Soybean oil was provided by Kerry Grain and Oil Co., Ltd. (Fangchenggang, China). Bovine serum albumin (BSA) (98%) was purchased from Shanghai yuanye Bio-Technology Co., Ltd. (Shanghai, China). Bromophenol blue (BPB) indicator was purchased from Kermel Chemical Reagent Co., Ltd. (Tianjin, China). 5,5′-Dithiobis-(2-nitrobenzoic acid) (DTNB) (≥98%) was produced by Aladdin Biotechnology Co., Ltd. (Shanghai, China). The other reagents used in the experiment were all analytical grade.



2.2. Extraction of TMP

The TMP extraction procedures were adopted from a recent study (21), with slight modifications. Briefly, after small pieces of tilapia fish and a small amount of frozen isolation buffer (25 mmol/L KCl, 3 mmol/L MgCl2, 0.1 mol/L NaCl, 4 mmol/L EDTA-2Na, 20 mmol/L phosphate buffer, pH 7.0) were ground in a meat grinder (ZG-L74A, Ningbo Zhao Ji Electric Appliance Co., Ltd., Ningbo, China), the cooling isolation buffer (4°C) was added until the total volume of isolation buffer was five times (w/v) the weight of the tilapia fish. Thereafter, the mixture was homogenized using a homogenizer (Ultra-Turrax T25, IKA, Staufen, Germany) at 9,000 r/min for 2 min (homogenizing for 30 s, then stopping for 30 s). The homogenized mixture was filtered through a layer of gauze to remove some skin and connective tissue, followed by centrifugation using a high-speed refrigerated centrifuge (JXN-26, Beckman Coulter Inc., Brea, CA, USA) at 3,220 × g at 4°C for 15 min. Then, the precipitate was homogenized and centrifuged twice under the same conditions with cooling five times (w/v) of isolation buffer (4°C) and four times (w/v) of 0.1 mol/L NaCl solution (4°C), respectively. The precipitate was then added to four times (w/v) of cooling phosphate buffer solution (20 mmol/L, pH 7.0, 4°C) and homogenized at 9,000 r/min for 2 min (homogenizing for 30 s, then stopping for 30 s). Thereafter, the mixture was filtered through three layers of gauze followed by centrifugation at 3,220 × g at 4°C for 15 min to obtain the precipitate. The protein concentration of TMP suspension was determined by the biuret method (22), using an ultraviolet-visible spectrophotometer (UV-5100, Shenzhen Ecorui Instrument Equipment Co. Ltd., Shenzhen, China) with BSA as the standard.



2.3. Treatment of TMP by HC

The HC treatment was carried out as described by previous studies with slight modifications (15, 19). As shown in Figure 1, V1 was used to adjust the flow of TMP suspension, V2 and V3 were used to adjust the upstream inlet pressure, which was measured by P1, and V4 was used to adjust the downstream recovery pressure. The TMP was dissolved in 0.6 mol/L NaCl buffer (0.6 mol/L NaCl, 20 mmol/L NaH2PO4/Na2HPO4, pH 6.5) and homogenized at 9,000 r/min for 30 s to prepare 10 mg/ml TMP suspension. After pouring 900 ml of TMP suspension into a storage tank and turning on the cooling water, the HC treatment of TMP suspension was performed at a pressure of 0.14 MPa and a power of 550 W, using a single orifice plate (thickness 20 mm, orifice diameter 3 mm). After HC treatment for 0, 5, 10, 15, and 20 min, the TMP samples were stored at 4°C for further analysis.
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FIGURE 1
Schematic diagram of the hydrodynamic cavitation (HC) experimental setup. The HC device consists of a centrifugal pump (power 550 W), a storage tank, a thermostat, a single orifice plate (orifice diameter 3 mm, thickness 20 mm), two pressure gauges (P1 and P2), and four valves (V1, V2, V3, and V4).




2.4. Physicochemical properties


2.4.1. pH

The pH of TMP samples was measured as described by Wang et al. (21), using a pH meter (PHS-3E, INASE Scientific Instrument Co., Ltd., Shanghai, China).



2.4.2. Particle size

The TMP particle size was analyzed using the method of Chen et al. (6). The average particle sizes of diluted TMP (1 mg/ml) samples were determined at 25°C, using a Zetasizer (Nano-ZS90, Malvern Instrument Co. Ltd., Malvern, UK). The refractive index of particles, refractive index of dispersant, equilibrium time, and absorption parameter were 1.46, 1.33, 2 min, and 0.01, respectively.



2.4.3. Turbidity

A recent study was followed for turbidity measurement with slight modifications (23). Briefly, the absorbance of TMP was performed at 660 nm after the diluted TMP samples (1 mg/ml) were placed at room temperature for 30 min, using the UV-5100 spectrophotometer. A660 was used to indicate the turbidity of the TMP samples.



2.4.4. Protein solubility

The protein solubility of TMP samples was measured according to a published method (24), using BSA as the standard protein, with slight modifications. Briefly, 8 ml of the TMP samples (1 mg/ml) were taken and centrifuged at 10,000 × g for 10 min. Then, 1 ml of supernatant and 1 ml of TMP samples without centrifugation were added to 4 ml of biuret reagent, respectively. After mixing well, the absorbance was measured at 540 nm after reaction for 30 min in a dark chamber at room temperature. The protein solubility was expressed as follows:
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Where S, Cb, and Ca represent the protein solubility of TMP samples (%), total protein content before centrifugation and protein content of the supernatant, respectively.




2.5. Secondary and tertiary structures


2.5.1. Surface hydrophobicity (H0)

The H0 was analyzed as described by Jia et al. (25). Briefly, 1 ml of TMP sample (5 mg/ml) was added to 200 μL of BPB solution (1 mg/ml) and mixed evenly, using a mixture of 200 μL of BPB solution (1 mg/ml) and 1 ml of 0.6 mol/L NaCl buffer as control. After standing at room temperature for 2 h and centrifuging at 6,000 × g for 15 min, 0.5 ml of supernatant was diluted into 4.5 ml of 0.6 mol/L NaCl buffer, and the absorbance of the diluted supernatant was measured at 595 nm using the UV-5100 spectrophotometer. The amount of BPB bound to TMP was used to represent the surface hydrophobicity of TMP, which was calculated as follows:
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Where A1 and A2 represent the absorbance value of control and TMP samples, respectively.



2.5.2. Reactive sulfhydryl (SH) group

The reactive sulfhydryl (SH) group of TMP samples was examined according to a previously published method (26). Briefly, after 50 μL of 10 mmol/L DTNB solution (phosphate buffer, pH 8.0) was mixed with 4 ml of TMP sample (1 mg/ml) and then incubated at 25°C for 20 min, the absorbance of the mixture was recorded at 412 nm using the UV-5100 spectrophotometer. The reactive SH group content was expressed as follows:
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Where A412, D, EM, and C represent the absorbance of the mixture at 412 nm, dilution factor, molar extinction coefficient (13,600 L⋅mol–1⋅cm–1) and TMP concentration (mg/ml), respectively.



2.5.3. Intrinsic fluorescence spectroscopy

The intrinsic fluorescence spectra were analyzed using a Cary Eclipse fluorescence spectrophotometer (G9800A, Agilent Technologies Ltd., Santa Clara, CA, USA) with slight modifications (11). Briefly, after the TMP samples were dissolved in 0.6 mol/L NaCl buffer and adjusted to 0.2 mg/ml, the intrinsic fluorescence spectra of TMP samples were recorded at excitation wavelength, emission wavelength, excitation slit width, and emission slit width of 280, 300–400, 5, and 5 nm, respectively.



2.5.4. Circular dichroism (CD) spectroscopy

The circular dichroism (CD) spectra were measured using a CD spectropolarimeter (Chirascan, Applied Photophysics Ltd., Surrey, UK) with slight modifications (27). Briefly, after the TMP samples were diluted to 0.067 mg/ml and then injected into a quartz cuvette, the CD spectra were scanned in the far-UV range (200–260 nm) at room temperature. The results were described by the average of three scans, and the circle two data were expressed by the average molar ellipticity (θ) in deg⋅cm2/dmol. The scan rate, response time, bandwidth, and sensitivity were 100 nm/min, 0.5 s, 1.0 nm, and 20 mdeg, respectively. The proportions of four secondary structures were analyzed by CDNN software.




2.6. Emulsifying properties


2.6.1. Emulsion preparation

The preparation of O/W emulsion followed a recent report (6), with slight modifications. Briefly, 28 ml of TMP samples (10 mg/ml) were added to 7 ml of soybean oil, followed by homogenization at 8,000 r/min for 1 min.



2.6.2. EAI and ESI

The EAI and ESI of TMP emulsions were examined as reported (11). Briefly, immediately (0 min) and 10 min later after homogenization, 50 μL of TMP emulsion of the bottom was diluted to 5 ml of 0.1% sodium dodecyl sulfate (SDS) (w/v) solution. After mixing well, the absorbance of the mixture was measured at 500 nm by the UV-5100 spectrophotometer, using SDS solution as blank. EAI and ESI were calculated as follows:
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Where N, θ, and C represent the dilution factor (100), volume fraction of oil in emulsion (0.2) and initial concentration of TMP (g/ml), respectively, and A0 and A10 represent the absorbance at 500 nm after 0 and 10 min, respectively.



2.6.3. Droplet size of the emulsions

The droplet size measurement was performed using the Nano-ZS90 Zetasizer according to the published method (11). Briefly, about 1 ml of fresh emulsion diluted 500-fold with 0.6 mol/L NaCl buffer was loaded into a quartz cuvette to measure droplet size.



2.6.4. Microstructure of the emulsions

The microstructure of TMP emulsions was observed using an optical microscope (DM-2000 LED, Leica Microsystems Co. Ltd., Wetzlar, Germany) (6). Briefly, 10 μL of the homogenized emulsion was dropped in the center of the slide and slowly covered with a cover glass to ensure no bubbles formed. The image was obtained by a 20× objective lens.



2.6.5. Dynamic rheological measurements of the emulsions

The rheology of TMP emulsions was examined using a rotational rheometer (MCR72, Antompa, Graz, Austria) with slight modifications (28). Briefly, using a 50 mm plate test, 3 ml of TMP emulsion was evenly coated on the test platform, and a layer of silicone oil was applied around TMP emulsion to prevent evaporation of TMP emulsion during the heating process. The frequency, strain, initial temperature, heating rate, termination temperature, and crack spacing were 0.1 Hz, 1%, 20°C, 1°C/min, 80°C, 1.0 mm, respectively. Storage modulus (G′) and loss modulus (G″) were analyzed as test indexes.




2.7. Statistical analysis

Each trial was conducted in triplicate independently and the data were presented as the mean ± standard deviation (SD). One-way analysis of variance (ANOVA) and Duncan’s test were analyzed using SPSS statistical software (Version 26.0, IBM Corp., Armonk, NY, USA) to determine statistical differences (P < 0.05) among different groups.




3. Results and discussion


3.1. pH

The changes in the pH of TMP suspension as affected by HC treatment are shown in Table 1. Compared with control group (0 min), HC increased the pH of TMP suspension significantly (P < 0.05) by approximately 0.06 units (Table 1), indicating that HC induced a pH transition to alkaline, which was beneficial to the solubilization of TMP (Table 1) (21). However, with the extension of HC treatment time, pH only decreased slightly, indicating that pH was not the main factor in solubility reduction, which might be due to the thermal effect generated by long HC treatment time (17), resulting in TMP aggregation. The increase of pH might be because the cavitation effect produced by HC leaded to the denaturation of TMP and the generation of free radicals, which reacted with protein side chains to reduce the acidic groups of protein. Similar speculations were reported in the results that ultrasonic treatment increased the pH of MP suspensions (10). In addition, a recent study reported that HC changed the pH of SPI suspension, and inferred that HC affected the exposure of acidic or basic amino acid residues (19). Therefore, the amount of acidic and basic amino acid residues exposed might be another important factor affecting the pH of the TMP suspension. However, there was no significant difference in pH between HC treatment groups (P > 0.05), which might be due to the similar amount of acidic and basic amino acid residues exposed. Nevertheless, Ren et al. (19) found that neither HC nor ultrasound treatment significantly changed the pH of SPI suspensions. The difference in results might be due to differences in the type of protein and cavitation.


TABLE 1    Effect of hydrodynamic cavitation (HC) on the pH, average particle size, turbidity, and protein solubility of tilapia myofibrillar protein (TMP).
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3.2. Particle size, turbidity, and protein solubility

The average particle size of TMP decreased with the increase of HC treatment time within 0–10 min, as shown in Table 1. Furthermore, compared with 0, 15, and 20 min, HC for 5 min (from 1,026.2 ± 25.9 to 719.3 ± 41.1 nm) and 10 min (from 1,026.2 ± 25.9 to 681.6 ± 13.6 nm) decreased the average particle size of TMP significantly (P < 0.05), while no significant differences were observed between the two HC treatments (P > 0.05). This decrease might be attributed to cavitation effects during HC treatment, such as turbulence, high shear, and shock waves, which destroyed the non-covalent bonds between TMP molecules, such as hydrogen bonds and electrostatic interactions, causing the dissociation of TMP. Similar results have been reported that HC treatment decreased the particle size of SPI (17, 19) and soybean glycinin (15). However, the average particle size of TMP increased significantly (P < 0.05) with the extension of HC treatment time within 10–20 min. The increase in particle size of TMP might be due to high temperature and excessive free radicals caused by excessive HC, which leaded to the acceleration of movement and the increase of collision opportunities of TMP molecules, promoting aggregation of TMP. Similar results were observed for the effects of ultrasonic treatment on the particle size of MP (7, 12, 29). These results showed that appropriate HC could decrease effectively the formation of large aggregates, which might benefit the application of TMP in emulsification.

The turbidity of TMP as affected by HC is shown in Table 1. In general, higher turbidity corresponds to denser protein aggregation (6). HC for 10 min had lower turbidity (0.089 ± 0.001) compared to the other groups, which could be explained by a decrease in particle size, which resulted in less light scattering (30). However, with the further increase in HC treatment time (10–20 min), the turbidity of TMP increased significantly (P < 0.05), which might be due to the de-folding and reaggregation of protein molecules affecting light scattering, leading to an increase in turbidity (31). Additionally, excessive HC could decompose water and generate active free radicals (15), promoting intramolecular or intermolecular protein cross-linking, resulting in increased turbidity.

The solubility of TMP increased with the increase in HC treatment time (0–10 min), as shown in Table 1. Compared with 0, 15, and 20 min, HC for 10 min significantly increased the solubility of TMP (P < 0.05), which might be due to cavitation effects that dissociated TMP to form smaller aggregates with larger surface area and enhanced protein-water interaction, resulting in better solubility (32). However, as HC treatment time (10–20 min) continued to increase, protein solubility decreased significantly (P < 0.05), which might be caused by TMP aggregation (31). Therefore, appropriate HC could dissociate the TMP aggregate, resulting in increased solubility. In addition, the changes in particle size, turbidity, and solubility were consistent, confirming the significant influence of HC on the dissociation of TMP aggregates.



3.3. Tertiary structures


3.3.1. H0

The H0 represents the exposure of hydrophobic groups in protein molecules (29). This work is to determine the H0 by analyzing the binding of hydrophobic amino acids of proteins to BPB. Compared with control group, HC for 5 min significantly decreased the binding amount of BPB (P < 0.05; Figure 2A). The decrease in H0 was based on an increase in protein solubility (Table 1) (33), since the hydrophobic amino acids of TMP might be distributed inside the molecule by HC, leading to enhancing protein-water interactions and exposing less hydrophobic groups (34). With the further increase of HC treatment time (5–20 min), the H0 of TMP increased significantly (P < 0.05), and reached the highest value (73.11 ± 1.23 μg) after HC treatment for 20 min. This was because the cavitation effect unfurled TMP structure and exposed hydrophobic groups, resulting in increased H0. Similar to other physical modified MP studies (35–37). In addition, the temperature effect of HC in the local region of the suspension may be another important factor that causes the conformational change of TMP. Similarly, Pan et al. (30) suggested that the temperature effect of ultrasonic might alter the tertiary structure of MP due to the susceptibility of fish MP to thermal denaturation. These results suggested that HC changed the H0 due to its influence on protein-water and protein intermolecular interactions and the exposure of hydrophobic groups.
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FIGURE 2
Effect of hydrodynamic cavitation (HC) on the surface hydrophobicity (H0) (A) and reactive sulfhydryl (SH) group (B) of tilapia myofibrillar protein (TMP). Different lowercase letters indicate that TMP had significant differences at different HC times (P < 0.05).




3.3.2. Reactive SH group

The reactive SH groups refer to the SH groups located on the surface of the protein network, which can reflect MP tertiary structure conformational changes (7). Compared with control group, the reactive SH content was decreased significantly after HC treatment for 5 min (P < 0.05; Figure 2B), indicating that the structure of TMP and disulfide bond formation were changed, possibly because the reactive SH on TMP surface was converted to disulfide bonds by the HC-induced cavitation effects. Similarly, Yang et al. (17) reported that HC could lead to the conversion of free SH into disulfide bonds in SPI. However, compared with the 5 min, the reactive SH content increased significantly with the increase of HC treatment time (P < 0.05), indicating that HC accelerated the expansion and structural changes of protein molecules, leading to exposing more SH group hidden inside the protein molecules (19).




3.4. Emulsifying properties


3.4.1. EAI and ESI

EAI and ESI represent the capacity of a protein to be adsorbed by the interface between the water phase and oil sphere during the formation of protein emulsion and the ability of a protein to maintain at the oil-water interface of emulsion after storage period, respectively (6, 24). Compared with control group (0 min), all HC treatments significantly increased the EAI of TMP emulsion (P < 0.05), and EAI was increased significantly with the increase of HC treatment time (except 10 and 15 min) (P < 0.05; Figure 3A). Different from EAI, ESI showed a trend of increasing first and then decreasing, that is, increasing gradually within 0–10 min of HC treatment and decreasing gradually with further treatment (10–20 min). The increase in EAI and ESI of TMP might be due to the cavitation effect generated by HC that decreases the particle size of TMP (Table 1), making more TMP easily adsorbed on the oil-water interface, resulting in the improvement of emulsifying capacity (17). Furthermore, lower protein turbidity and higher solubility (Table 1) accelerated the diffusion of TMP in the emulsion (6, 23). Interestingly, excessive HC treatment (20 min) increased particle size and turbidity and decreased solubility (Table 1) compared with the other groups, leading to a decrease in ESI but not in EAI as expected. This phenomenon might be attributed to an increase in H0 (Figure 2A), which led to the enhancement of the interaction between adjacent molecules at the oil-water interface (7). Some other studies have reported that MP (10, 12) and SPI (17, 19) showed a good positive correlation between EAI and H0, and increasing H0 was conducive to improve EAI of proteins. This study showed that HC for 10 min could improve the EAI and ESI of TMP significantly.
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FIGURE 3
Effect of hydrodynamic cavitation (HC) on the emulsifying activity index (EAI) and emulsifying stability index (ESI) (A), droplet size (B), and microstructure (C) of tilapia myofibrillar protein (TMP) emulsions. In panels (A,B) different lowercase letters indicate that TMP emulsions had significant differences at different HC times (P < 0.05).




3.4.2. Droplet size

Droplet size determines the rheology and stability of emulsion, and generally smaller droplet size is associated with higher emulsifying capacity (23, 38). The droplet size of TMP emulsion decreased significantly from 2,754 ± 110 nm (0 min) to 2,138 ± 182 nm (10 min) (P < 0.05) with the increase in HC treatment time (0–10 min), but no significant difference was observed between 5 min and 10 min treatments (P > 0.05; Figure 3B). However, with the continuous extension of HC treatment time (10–20 min), the droplet size of TMP emulsion increased significantly (P < 0.05), and this opposite trend was attributed to the overtreatment of the protein (7). These results indicated that appropriate HC could be conducive to decrease the droplet size of TMP emulsion and improve its emulsifying properties.



3.4.3. Microstructure of the emulsions

The microstructure of TMP emulsions as affected by HC was enlarged 200 times under an optical microscope, as shown in Figure 3C. The soybean oil droplets in the control group (0 min) were relatively large and unevenly distributed, which was attributed to the high interfacial tension between water and soybean oil (6). Compared with the untreated group, HC for 10 min had fewer large oil droplets, suggesting that HC induced TMP expansion and conformational changes, thereby decreasing the interfacial tension between water and soybean oil. Similar results have been reported in ultrasonic modification of MP (6). However, it was observed that the oil droplets size in the fresh emulsion increased, and the distribution was more uneven with the further extension of HC treatment time (10–20 min). The results of optical microscopic images could intuitively show the oil droplet size, corresponding to the previous results of the droplet size (Figure 3B). These results showed that compared with control group, HC for 10 min decreased the oil droplet size and improved the uniformity of emulsion.



3.4.4. Rheological properties of the emulsions

The rheological behavior of emulsions prepared with MP was analyzed to understand the viscoelastic properties of MP emulsions and the functionality of muscle protein in meat processing (39). The rheological properties of the TMP emulsions as affected by HC are shown in Figure 4. The G′ of TMP emulsion showed a decrease at the initial stage of heating (20–22°C), which might be attributed to the formation of weak and preliminary interactions of the protein aggregates prior to heating and destruction after initial heating (11). Compared with other groups, HC for 10 min had the highest G′ value at the initial stage and scanning end, indicating that HC for 10 min had the most robust gel structure of TMP emulsion (28). In addition, after HC treatment for 10 min, the particle size of TMP was decreased and an emulsion with more uniform and smaller oil droplets was formed. HC for 10 min decreased the particle size of TMP and formed smaller and more uniform oil droplets in the emulsion. Li et al. (11) showed that smaller oil droplets could fill effectively and evenly into the network of MP gel during heating, resulting in better elasticity of MP emulsion gel. Therefore, HC for 10 min improved the elastic properties of TMP emulsion and prepared emulsion with stronger rheological properties. The changes in G″ of TMP emulsions were similar to that of G′. The G″ value of the TMP emulsion treated by HC for 10 min during about 50∼70°C heating was higher than that of the control (0 min). For all emulsions, the G″ values were substantially lower than that of G′ values indicating the formation of a gel-like behavior (39). The values of G′ and G″ increased with the increase of HC treatment time, indicating that HC promoted the formation of firm and dense gel structure of proteins. However, with the further extension of HC treatment time, the viscoelastic properties of the emulsion decreased, possibly due to the formation of uneven and rough gel structure. Rheological measurements showed that appropriate HC (10 min) improved the rheological properties of TMP-based emulsion as well as the structure of TMP.
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FIGURE 4
Effect of hydrodynamic cavitation (HC) on the storage modulus (G′) (A) and loss modulus (G″) (B) of tilapia myofibrillar protein (TMP) emulsions. The inserted figure is the enlarged part of the control and HC treatment groups.





3.5. Schematic model

Based on the results of physicochemical properties (sections “3.1. pH,” and “3.2. Particle size, turbidity, and protein solubility”), tertiary structures (section “3.3. Tertiary structures”), and emulsifying properties (section “3.4. Emulsifying properties”), a schematic model (Figure 5) was proposed for the presentation of the modifications of HC-induced TMP. HC changed the particle size, turbidity, and solubility of TMP (Table 1) due to cavitation effects such as high shear, shock wave, and turbulence generated during HC treatment that affected covalent bonds such as disulfide bonds and non-covalent bonds such as electrostatic interactions between protein molecules (15, 17). Additionally, HC changed the tertiary structure of TMP (Figure 2) and partially expanded the TMP. These results led to changes in the interaction between protein and oil phases (7, 11, 40), thus affecting the emulsifying (Figure 3) and rheological (Figure 4) properties of TMP emulsions. Notably, HC for 10 min decreased the average particle size and turbidity and increased the solubility of TMP significantly (P < 0.05), which was conducive to the diffusion of TMP in the emulsion (6, 23). In addition, HC for 10 min increased the EAI and ESI significantly (P < 0.05), decreased the droplet size of TMP emulsion significantly (P < 0.05), and made its distribution more uniform, resulting in improved emulsifying and rheological properties of TMP emulsion. In summary, TMP treated by HC for 10 min had the capacity to form more uniform and smaller emulsion droplets. Interestingly, the decrease in emulsifying properties of TMP treated by HC for 20 min might be due to the excessive oxidation of TMP resulting in more reactive SH conversion to disulfide bonds (17), as well as the increase in particle size and decrease in solubility (Table 1). Therefore, this study showed that HC for 10 min enhanced the stability of emulsion stabilized by TMP and emulsifying properties of TMP.
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FIGURE 5
Schematic model illustrating the effects of hydrodynamic cavitation (HC) treatment on physicochemical structure and emulsifying properties of tilapia myofibrillar protein (TMP). ESI, emulsifying stability index; EAI, emulsifying activity index; reactive SH group, reactive sulfhydryl group. The chemical structure is not represented to actual scale, just to illustrate (For color references in this illustration, please refer to the online version of this article).




3.6. Validation of the schematic model


3.6.1. Intrinsic fluorescence spectra

The tertiary and secondary structure changes of the HC-induced TMP were measured by intrinsic fluorescence spectra and CD spectra, which reflected the changes in the physicochemical structure and emulsifying properties of TMP to verify the proposed schematic model. In general, intrinsic fluorescence spectroscopy is used to assess the local environment of certain chromophores, especially tryptophan residues, and can monitor tertiary structural changes in proteins (7). The fluorescence intensity of all treatment groups was lower than that of the control group (Figure 6A), suggesting that HC destroyed hydrophobic interactions, allowing the structure of TMP molecules to unfold, which caused the movement of tryptophan residues to more polar environments. Similar results have been reported in the ultrasonic treatment of MP (30, 31). For example, Jiang et al. (31) speculated that cavitation effects generated by ultrasound exposed the tryptophan group to the solvent, leading to a decrease in fluorescence intensity of MP. Pan et al. (30) pointed out that ultrasound disrupted hydrophobic interactions between MP molecules and moved tryptophan residues to a more polar environment. Interestingly, the fluorescence intensity of TMP decreased when HC treatment time increased from 0 to 15 min but increased after 20 min. This might be due to protein aggregation (Table 1), increased H0 (Figure 2A), and specific modification of tryptophan residues in TMP, which combinedly resulted in less exposure of tryptophan residues to water (12).
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FIGURE 6
Effect of hydrodynamic cavitation (HC) on intrinsic fluorescence spectra (A) and circular dichroism (CD) spectra (B) of tilapia myofibrillar protein (TMP).


In addition, in terms of the maximum fluorescence emission wavelength (λmax), the λmax of the control group (334 nm) was higher than 330 nm, indicating that tryptophan was in a polar environment (41). The larger the redshift of λmax, the larger the conformational change of the protein. With the extension of HC treatment time, λmax of TMP redshifted from 334 to 338 nm, which might be due to the exposure of tryptophan and the microenvironment becoming more polar, causing the tertiary conformation of TMP to become looser (Figure 5) (12).



3.6.2. CD spectra

The CD spectra of TMP as affected by HC are shown in Figure 6B. In general, the α-helical structure is formed mainly by the hydrogen bond between the carbonyl oxygen (C=O) and amino hydrogen (NH–) groups in the polypeptide chain (42). Two negative peaks of α-helical structures were detected at 210 and 221 nm, and HC decreased the intensity of these two peaks, indicating that HC destroyed the intramolecular hydrogen bond of TMP, thus promoting the unfolding of the protein (43). At the same time, Table 2 also shows that HC significantly decreased the α-helix content (P < 0.05). Additionally, compared with control group, the β-sheet, β-turn, and random coil contents of all HC treatment groups were increased significantly (P < 0.05), but no significant differences were observed between HC treatment groups (P > 0.05). The transformation of secondary structure of TMP might be caused by the hydrogen bond change induced by HC. Similar conclusions have been reported in using other physical modification techniques to change the secondary structure of MP, such as ultrasound (44), high-pressure homogenization (23). Moreover, Yang et al. (17) reported that swirling cavitation increased β-sheet content and decreased α-helix content, which might improve the emulsifying properties of SPI. Consistent with the experimental results, HC increased the β-sheet content and decreased the α-helix content of TMP significantly (P < 0.05) compared with control group, which might be another important reason for the enhancement of emulsifying properties of TMP (Figures 3, 4). However, the decrease in emulsifying properties after HC for 15 and 20 min might be attributed to the increase in particle size and turbidity as well as the decrease in solubility (Table 1).


TABLE 2    Effect of hydrodynamic cavitation (HC) on the secondary structure contents (%) of tilapia myofibrillar protein (TMP).
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4. Conclusion

The current study showed that different HC times (0, 5, 10, 15, 20 min; power 550 W, pressure 0.14 MPa) changed the physicochemical properties of TMP, thus affecting the emulsifying properties of TMP emulsions. The results showed that HC changed the structure of TMP, such as pH, particle size, turbidity, solubility, surface hydrophobicity, and reactive SH group. Furthermore, HC increased the EAI significantly (P < 0.05) and changed the ESI, droplet size, and rheology of TMP emulsions. Notably, appropriate HC treatment (10 min) decreased significantly particle size and turbidity and increased solubility of TMP (P < 0.05), resulting in a significant improvement in the emulsifying properties, according to measurements of ESI, droplet size, and rheology. In addition, HC induced TMP expansion and changed the physicochemical structure of TMP, as confirmed by the research findings of intrinsic fluorescence and CD spectra. This study suggested that HC is a feasible and potential technique, and the research results can provide theoretical basis and technical support for further research on functional modification of TMP and production of emulsified-type meat products.
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Geographical traceability is crucial to the quality and safety control of gelatin. However, currently, methods for gelatin traceability have not been established anywhere in the world. This study aimed to investigate the possibility of differentiating the geographical origins of gelatin from different regions in China using stable isotope technology. To achieve this objective, 47 bovine stick bone samples from three different regions (Inner Mongolia, Shandong, and Guangxi, respectively) in China were collected, and gelatin was extracted from these bones using the enzymatic method. The fingerprint characteristics of stable isotopes of δ13C, δ15N, and δ2H of gelatin from different regions in China were studied. Moreover, isotopic changes from the bone to gelatin during the processing were examined to evaluate the effectiveness of these factors as origin indicators. The results of the one-way analysis of variance (ANOVA) showed that the δ13C, δ15N, and δ2H of gelatin from different regions display significant differences, and using the linear discriminant analysis (LDA), the correct differentiation of origin reached 97.9%. Certain differences in stable isotope ratios were observed during the processing of bone to gelatin samples. Nonetheless, the fractionation effect caused by the processing of bone to gelatin samples was not sufficient to influence the identification of gelatin from different origins, which proves that δ13C, δ15N, and δ2H are effective origin indicators of gelatin. In conclusion, the stable isotope ratio analysis combined with the chemometric analysis can be used as a reliable tool for identifying gelatin traceability.

KEYWORDS
 stable isotope ratios, gelatin, geographical traceability, bone, processing


1. Introduction

Gelatin, a natural polymer extracted from the bones, skin, or connective tissue of animals, has been widely used in food, pharmaceuticals, cosmetics, and other industries due to its distinctive physicochemical property (1, 2). In recent years, a variety of gelatin safety incidents, such as animal epidemics, mislabeling, and adulteration, have occurred frequently, and consumers have increasingly focused on the origins of gelatin. Thus, laws and regulations were promulgated in many countries to regulate the sources of gelatin (3). However, related studies on the methods differentiating the origins of gelatin from different regions are limited at present. It is difficult for the government to ensure effective supervision of the source of gelatin, which not only greatly compromises public health and life safety but also highly restricts the development of the gelatin industry. Therefore, an effective method is urgently required to trace the geographical origins of gelatin.

Recently, various methods, such as stable isotope ratio analysis (4, 5), mineral element analysis (6), fatty acid analysis (7), near-infrared spectroscopy (NIRS) (8–10), high-performance liquid chromatography (HPLC) (11), mass spectroscopy (MS) (12), and DNA-based technology (13, 14), have been applied to origin traceability and authentication of animal-derived products (15). However, these methods have a few shortcomings. For instance, the processing cost and experimental operation requirements of mineral element analysis are high. The sample pretreatment time for fatty acid analysis is prolonged, and is easily affected by feed, genetics, variety, and processing. The sensitivity of near-infrared spectroscopy is not high, and its data processing is difficult. HPLC has a limited capacity for qualitative determination and makes considerable use of hazardous solvents that are toxic to human health. The DNA-based technique requires numerous samples, and it is challenging to select effective molecular markers. At present, stable isotope ratio analysis is considered a more accurate and quicker method and has become the most commonly used technology for validating the traceability and authenticity of animal-derived foods. Geographical origins of some animal-derived products, such as meat, dairy products, seafood, and honey, were successfully traced using stable isotope ratio analysis (16–19). Meanwhile, research on the transformation law of stable isotopes from raw material to the terminal product during processing has also been carried out (20–22), which can further provide theoretical support for animal-derived product traceability.

Many studies on gelatin focused on species identification, and there are few related studies on traceability methods for gelatin are available at present. Jannat et al. successfully differentiated bovine, porcine, and fish sources of gelatin in commercially pure gelatin and gelatin-containing food and drug products using real-time polymerase chain reaction (PCR) and the analysis of mass spectrometry (MS)-based proteomic datasets (23). Sha et al. successfully identified fish gelatins in seven commercial cyprinid fishes using high-performance liquid chromatography (HPLC) and high-resolution mass spectrometry (HRMS) (24). Cai et al. presented a new strategy for the simultaneous rapid identification and quantification of gelatins from various species using ultrasound-assisted digestion-ultra-high performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) (25). In our previous study, Jiang et al. successfully traced the origin of bone materials of gelatin in China using stable isotope analysis and mineral element analysis (26).

Based on the aforementioned studies, stable isotope ratio analysis coupled with chemometric analysis was first used to trace the geographical origin of gelatin in this study. The key aim of this study was to explore the regional differences in stable isotopes in gelatin from China and develop a reliable identification method. In addition, changes in δ13C, δ15N, and δ2H from bone raw materials to gelatin during processing were also investigated to evaluate their effectiveness as geographical origin indicators. The results of the present study will provide a new idea and strategy for the origin traceability of gelatin.



2. Materials and methods


2.1. Sample information

A total of 47 bovine stick bone samples were sampled from three representative regions of China, including Mashan County of Guangxi Province (GX), Heze City of Shandong Province (SD), and Hulun Buir City of Inner Mongolia (NMG) (Table 1). Defatted bovine granules (d <20 mm) were obtained using the conventional method (26) and then stored in a dryer.


TABLE 1 Region-wise information of bovine stick bone samples.
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2.2. Experimental methods
 
2.2.1. Bone gelatin extraction

Gelatin was extracted from defatted bovine granules using the enzymatic method (27), as shown in Figure 1. Defatted bovine granules were soaked in 1 M hydrochloric acid (HCl) (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) at 25°C for 3 h with continuous shaking at the solid-to-solvent ratio of 1:9 (w/v). The mixture was washed until a neutral or faintly basic mixture was obtained and dried at 65°C for 12 h to obtain defatted demineralized bovine granules. Then, the defatted demineralized bovine granules were mixed with pepsin at 40 U/g, deionized water (Millipore Milli-Q Advantage A10 Water Purification System, Millipore, USA) was added at the ratio of 1:9 (w/v) and adjusted to pH 2, and then the mixture was stirred for 3 h at 25°C. Subsequently, the mixture was washed with deionized water and adjusted to pH 5 to ensure that no pepsin remained in the mixture. Later, the pretreated bovine granules were mixed with deionized water at a ratio of 1:2 (w/v) and adjusted to pH 5 to extract the gelatin at 60°C for 3 h with continuous stirring; the gelatin extracted solution was obtained through centrifugation. Finally, the obtained solution was dried to 5 mL at 50°C in an oven (DHG-9140 A, Shanghai Huitai Instrument Manufacturing Co., Ltd., Shanghai, China) and vacuum freeze-dried (HXLG-10-50B, Shanghai Huxi Industrial Co., Ltd., Shanghai, China) for 3 days to obtain solid gelatin samples.


[image: Figure 1]
FIGURE 1
 A flowsheet of gelatin extraction by the enzymatic method.




2.2.2. Characterization of bovine gelatin
 
2.2.2.1. Ultraviolet (UV) spectrum

Ultraviolet spectra of gelatin samples were obtained using a Hitachi U-3900 spectrophotometer (Hitachi Co., Ltd., China). Gelatin samples were dissolved in 0.5 M acetic acid to form a mixed solution at room temperature. The spectra were obtained at a resolution of 4 cm−1, and the measurement range varied between 800 and 200 cm−1.



2.2.2.2. Fourier transform infrared (FTIR) spectra

The FTIR spectrum (Bruker Optics TENSOR 27 FT-IR Spectrometer, Bruker Optics Inc., Billerica, MA, USA) of gelatin samples was recorded using the tablet method. Briefly, the bovine gelatin samples were mixed and ground with potassium bromide (KBr) in the ratio of 1:100 to make a tablet; the spectra were obtained at a resolution of 4 cm−1 and the measurement range varied between 400 and 4,000 cm−1. Automatic signals were collected in 32 scans at a resolution of 4 cm−1.




2.2.3. Stable isotope ratio analysis

Stable isotope ratios were determined using an Elemental Analyzer (EA) (Flash 2000 HT, Thermo Fisher Scientific, USA) connected to an Isotope Ratio Mass Spectrometer (IRMS) (Delta V MAT 253, Thermo Fisher Scientific, USA). IAEA-600 (δ13C = −27.771 ± 0.043‰ VPDB, δ15N = 1.0 ± 0.2‰ air N2), USGS24 (δ13CVPDB = −16.05 ± 0.07‰), USGS42 (δ15Nair = 8.05 ± 0.10‰, δ2HVSMOW = −72.9 ± 2.2‰), and USGS43 (δ2HVSMOW = −44.4 ± 2.0‰) were performed to calibrate the stable isotope data.

For the δ13C and δ15N analysis, appropriate amounts of gelatin samples were weighed into tin capsules and placed into the EA using an autosampler. Carbon and nitrogen in the sample were converted into carbon dioxide (CO2) and nitrogen gas (N2) in an oxidation–reduction furnace at 980°C, and then, the gases were separated using the gas chromatography (GC) before being sent to the IRMS for analysis.

For the δ2H analysis, appropriate amounts of gelatin samples were weighed into silver capsules and introduced into the EA using the autosampler. Hydrogen in the sample was converted into molecular hydrogen gas (H2) in a pyrolysis furnace at 1,380°C, and then, the gases were separated using the GC before being sent to the IRMS for analysis.

Stable isotopic ratios (13C/12C, 15N/14N, and 2H/1H) were expressed in δ notation in parts per thousands (‰) and were calculated using the following equation:

[image: image]

where Rsample is the isotope ratio of the sample and Rstandard is the isotope ratio of the international reference material.




2.3. Statistical analysis

The data were analyzed using SPSS 24.0. A post-hoc Duncan's test of a one-way analysis of variance (ANOVA) was performed to determine significant differences between the mean values of gelatin samples from different regions (p < 0.05) (28). A paired sample t-test and Pearson's correlation analysis were, respectively, used to analyze the variability and correlation in δ13C, δ15N, and δ2H from bone to gelatin samples during processing to evaluate the effectiveness of these factors as geographical origin indicators (p < 0.01) (20, 29). The linear discriminant analysis (LDA) was used to establish a classification model, and its performance was assessed using cross-validation (30).




3. Results and discussion


3.1. UV spectra

The UV spectra of the gelatin sample (GS) and commercial gelatin (CG) (Shanghai Titan Technology Co., Ltd., Shanghai, China) are depicted in Figure 2. The GS is highly similar to the CG in the spectra. The absorption peak was recorded at 220–240 nm and was mostly associated with the presence of peptide bonds in the polypeptide chains of gelatin. Compared to CG, GS has a small hump at 270–280 nm, which may have been caused by a few aromatic residues, such as phenylalanine, tyrosine, and tryptophan (31). As the two substances show similar spectra, GS is likely to be gelatin.


[image: Figure 2]
FIGURE 2
 Ultraviolet (UV) spectra of the gelatin sample (GS) and commercial gelatin (CG).




3.2. FTIR spectra

The FTIR spectra were used to analyze the functional groups and secondary structure of gelatin. As shown in Figure 3, both GS and CG show four infrared (IR) peaks in their spectra, representing amide-A, amide-I, amide-II, and amide-III, respectively. The amide-A band is associated with the NH stretching vibration coupled with hydrogen bonding at the wavenumbers of 3,400–3,440 cm−1 (32). The amide-I band is assigned to the C=O stretching vibration coupled to contributions from the CN stretch, CCN deformation, and in-plane NH bending modes, ranging from 1,600 to 1,700 cm−1 (33). The amide-II band is attributed to the combination of the NH in-plane bend and the CN stretching vibration in the range of 1,500–1,560 cm−1 (34). The amide-III band appears at 1,200–1,300 cm−1, due to CN stretching, NH in-plane bending, and wagging vibrations from the CH2 groups (35). Amide-A, amide-I, amide-II, and amide-III of GS and CG are found at 3,415.76, 3,415.76, 1,617.23, 1,617.23, 1,559.37, 1,558.41, 1,384.82, 1,385.79 cm−1, respectively. Amide-III of GS and CG is shifted to a higher wavenumber, indicating an increased random coil or disordered structure in gelatin (32). Similar peak locations appear for both GS and CG within the reasonable wavenumber range of these peaks, and the striking similarity of the GS and CG peak locations suggests that their secondary structures are similar. Combined with the UV spectra, it can be considered that the GS extracted from defatted bovine granules is gelatin.


[image: Figure 3]
FIGURE 3
 Fourier transform infrared (FTIR) spectra of the gelatin sample (GS) and commercial gelatin (CG).




3.3. Stable isotope ratio analysis

Three stable isotope ratios (δ13C, δ15N, and δ2H) and the distribution characteristics of gelatin samples from the three different regions in China are given in Table 2 and Figure 4. According to the results of the ANOVA and three-dimensional (3D) scatter plot of δ13C, δ15N, and δ2H in the three regions, the stable isotope ratios are significantly different (P < 0.05) in gelatin samples from the regions.


TABLE 2 A comparison of the mean δ13C, δ15N, and δ2H values and standard deviations of the gelatin samples from three regions.

[image: Table 2]


[image: Figure 4]
FIGURE 4
 Boxplots of δ13C (A), δ15N (B), and δ2H (C) values in gelatin samples from different regions. (D) Three-dimensional (3D) scatter plots of δ13C, δ15N, and δ2H in three regions.


The δ13C of animal products is primarily related to animal feed, particularly the ratio of C3 or C4 plants (29). In this study, NMG has the lowest δ13C (−17.25 ± 4.04‰) value in gelatin samples compared to GX (−12.27 ± 2.63‰) and SD (−13.27 ± 0.98‰). In a previous report, the δ13C values of milk samples from Inner Mongolia were also significantly lower than those from Tianjin, Hebei, and Jiangsu (19). The two substances show a similar tendency. This may be because Inner Mongolia has large areas of C3 pasture available as the primary fodder source. Another reason for the difference in δ13C values between the two may be because of species differences. Guangxi is located in southwest China, which is suitable for C3 and C4 pasture growing. The cattle from Guangxi are mainly fed C3 and C4 pasture, but C4 pasture is the dominant type. Shandong is located in Eastern China, where wheat and maize are the main products. In the majority of feed given to the cattle, there is a mixture of wheat and maize, with a high proportion of maize. Some studies showed that animals fed C3 plants (e.g., wheat) have lower δ13C in their tissues than those fed C4 plants (e.g., maize) (36). Thus, the δ13C values in gelatin samples from NMG are significantly lower than those in the other two regions.

The δ15N in animal products is closely linked to the diet consumed by the animals and the regions of their habitat (37). In the present study, the δ15N values in gelatin samples from SD (4.20 ± 0.91‰) are significantly lower than those in NMG (6.38 ± 0.91‰) and GX (6.52 ± 0.88‰). This may be due to the cattle from SD being mainly fed maize but the cattle from NMG and GX being mainly fed pasture. During the growing process, maize uses more chemical fertilizers, while pasture uses more organic fertilizers, which are then transferred to the cattle through feed. Compared to organic fertilizers, chemical fertilizers are depleted in δ15N (38). Therefore, the δ15N values of gelatin in SD are lower than those of the other two regions.

The δ2H values of animal products are affected by drinking water and animal feed, which are related to latitude, altitude, and distance from the sea (28). In our study, the δ2H values of gelatin are −84.19 ± 8.76‰ in NMG, −62.94 ± 3.97‰ in SD, and −52.98 ± 3.90‰ in GX, indicating a significant difference. Jiang et al. also found that the δ2H values of bone samples from Inner Mongolia, Shandon, and Guangxi were in the order of NMG <SD <GX (26). Similar trends appear for both substances. This may be due to NMG having the highest altitude and GX having the lowest altitude among the three regions. The δ2H values decrease with increasing latitude, altitude, and distance from the sea, so the δ2H values are in the order of NMG <SD <GX.

A significant difference can be noticed in the δ13C, δ15N, and δ2H values in gelatin samples from different regions. Therefore, δ13C, δ15N, and δ2H can be good indicators for the traceability of gelatin.



3.4. Difference between gelatin and bone samples

All the data on bone samples are gathered from an article published by our research group (26). Table 3 shows the mean δ13C, δ15N, and δ2H values and standard deviations in the gelatin samples and bone raw materials from different regions. In this study, the δ13C values in gelatin samples are slightly higher than those in bone samples, indicating that δ13C gets enriched during processing from bone to gelatin, which may be related to the acidification effect. The δ13C values were lower when acidification eliminated the 13C-enriched carbonate. The δ15N values showed no significant variations. In a previous study, Tomaszewicz et al. found that acidification had a minimal effect on the δ13C values, reducing marine turtle bone samples by <1‰, and acidification did not affect the δ15N values of the milled bone powder, which shows trends similar to the results of our study (39). The δ2H values show significant differences, suggesting that the δ2H values are significantly affected by processing. Because of the complexity of processing, this aspect needs to be further studied.


TABLE 3 A comparison of the mean δ13C, δ15N, and δ2H values and standard deviations in gelatin samples and bone raw materials from different regions.
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In summary, differences were found in δ13C, δ15N, and δ2H values during the processing from bone to gelatin. However, compared with the differences in δ13C, δ15N, and δ2H values of gelatin from different origins, the fractionation effect caused by processing is not sufficient to influence the identification of gelatin samples from different origins. Meanwhile, a significant correlation was observed among δ13C, δ15N, and δ2H values between the gelatin and bone samples. As shown in Figure 5, the correlation coefficients of δ13C, δ15N, and δ2H values between the gelatin samples and bone raw materials are 0.9390, 0.9624, and 0.8794, respectively (P < 0.01). Combined with Table 2, it indicates that δ13C, δ15N, and δ2H can be used as good indicators for gelatin origin traceability.


[image: Figure 5]
FIGURE 5
 The correlation coefficients of δ13C (A), δ15N (B), and δ2H (C) values between the gelatin samples and bone raw materials.




3.5. Discriminant analysis

As single indicators, δ13C, δ15N, and δ2H were not sufficient to identify gelatin samples from different origins; thus, the combination of these three indicators was used to improve the rate of correct classification. As shown in Table 4, the classification model was established using the LDA. Discrimination accuracies of the original classification and cross-validation of gelatin are 97.9 and 95.7%, respectively. Only a few samples from GX and NMG that are misclassified by origin are available. This misclassification may have occurred because the cattle fed on pasture from GX and NMG have a similar feed. These results indicate that the classification model could differentiate gelatin from different regions.


TABLE 4 Discriminant accuracies of the original classification and cross-validation of gelatin samples from different regions.
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4. Conclusion

This study investigated the feasibility of using stable isotope ratio analysis combined with chemometric analysis to identify the origins of gelatin. The results show that stable isotopes (δ13C, δ15N, and δ2H) could be used as effective origin indicators for gelatin traceability, and the classification model also shows high discriminant ability. Therefore, stable isotope ratio analysis coupled with chemometric analysis can be used as an effective method for gelatin traceability. Furthermore, the results of this study may provide technical support for the quality and safety control of gelatin.
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In this study, the compound dietary fiber composed of rice hull dietary fiber, soybean dietary fiber and inulin was added to meat products as a fat substitute. Response surface methodology was used to determine the optimum ratio of rice husk dietary fiber, soybean hull dietary fiber, and inulin as 1.40, 1.42, and 3.24%. The effects of compound and single dietary fiber on water holding capacity, gel strength, secondary structure, rheological properties, chemical action force, and microstructure of myofibrillar proteins (MP) gel were investigated. The application of composite dietary fiber significantly (P < 0.05) improved the gel strength, water holding capacity and storage modulus (G′) of MP gel. Fourier transform infrared spectrum analysis shows that the addition of compound dietary fiber can make the gel structure more stable. The effect of dietary fiber complex on the chemical action of MP gel was further studied, and it was found that hydrophobic interaction and disulfide bond could promote the formation of compound gel. By comparing the microstructure of the MP gel with and without dietary fiber, the results showed that the MP gel with compound dietary fiber had smaller pores and stronger structure. Therefore, the rice hull dietary fiber, the soybean hull dietary fiber and the inulin are compounded and added into the low-fat recombinant meat product in a proper proportion, so that the quality characteristics and the nutritional value of the low-fat recombinant meat product can be effectively improved, the rice hull dietary fiber has the potential of being used as a fat substitute, and a theoretical basis is provided for the development of the functional meat product.
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1. Introduction

Fat is a very important component in recombinant meat products, helping to maintain the original taste, texture and appearance of meat and increasing satiety during meals. Fats change the perception of taste compounds by affecting the balance, intensity and release of taste as well as their distribution and migration. However, excessive fat intake increases the risk of obesity, certain cancers, and other diseases (1). In recent years, low-fat or non-fat meat products have become a hot research topic (2). But reducing fat in meat products can affect product appearance, flavor and texture (3). Many scholars have found that part of the fat can be replaced by non-meat components while offsetting the adverse effects of the low fat content due to its strong water holding capacity to (4). Studies have proved that dietary fiber can be used as a fat substitute with its excellent physical and chemical properties and functional characteristics (5).

The hulls of grains and beans contain a large amount of dietary fiber, which can cause a waste of resources if directly discarded (6, 7). At present, dietary fiber is mainly produced by physical methods (superfine grinding, high-pressure treatment, and extrusion), chemical methods (alkali method and acid method), and biological methods (fermentation method and enzyme method) (8, 9). Alkaline treatment is to use most of the impurities such as protein and starch can be dissolved in the alkali liquor, by controlling the appropriate reaction conditions to make dietary fiber. Studies have shown that alkali method can not only effectively produce dietary fiber, but also make part of the hemicellulose and cellulose hydrolysis modification into soluble dietary fiber. The cost of preparing dietary fiber by the alkali method is low, and the large-scale production is convenient to realize.

Inulin is derived from Jerusalem artichoke, onion and other plants, and is a natural water-soluble dietary fiber that can be added to meat products as a fat substitute (10). Generally, the gel-forming effect is good when the addition amount of inulin is more than 10 %, but excessive inulin can cause harm to the human body. Therefore, there is a need to maximize the quality of meat products while limiting the amount of inulin added. It is an effective solution to use multiple dietary fibers in combination to make them work synergistically. At present, there are few studies on the application of the combination of insoluble dietary fiber and soluble dietary fiber in meat products.

The quality of meat mainly depends on the properties of myofibrillar proteins (MP) (11). MP accounts for 55–60% of total muscle protein and 10–20% of skeletal muscle weight. It plays an important role in the water holding capacity, elastic properties and gel strength of meat products, and is an important structural protein affecting the quality of muscle food (12, 13). Therefore, the properties of MP were of great significance for studying the mechanism of meat products.

In this paper, the chaff and the soybean hull powder are treated by an alkali method to prepare the hull dietary fiber which is compounded with inulin, developing a low-fat recombinant meat product with high dietary fiber; by analyzing the effects of compound dietary fiber and single dietary fiber on protein components, gel properties, intermolecular chemical forces, the secondary structure and microstructure of protein of pork MP gel system, the interaction mechanism of compound dietary fiber and pork MP was explored in order to provide a theoretical basis for developing the application of dietary fiber in meat processing and improving the quality of low-fat recombinant meat products.



2. Materials and methods


2.1. The dietary fiber from chaff by alkaline method

The chaff and soybean hull materials were cleaned from impurities and placed in a blast dryer (210 mm, Huawei Chemical Instruments, Wuhan, Hubei, China) and dry overnight. The two raw materials were crushed by a crusher (FSJ302-5, Taist, Tianjing, China) and sieved by a 60-mesh sieve to obtain raw material powder. Each treated raw material powder was individually vacuum packed in polyethylene bags and stored in a −20°C refrigerator (BCD-251WP3CX, Changhong Meiling, Hefei, Anhui, China) for use. A certain amount of raw material powder was accurately weighed, added with 20 g/L NaOH solution in the solid to liquid ratio of 1:15 (g:mL), and placed in a water bath (HH-4, Shengwei, Shanghai, China) at 60°C for extraction for 40 min. The mixed system was filtered and the filtrate was washed with water to neutral; the supernatant was precipitated by adding 4 times the volume of anhydrous ethanol for 6 h. The filter residues were obtained by centrifugation (HC-3018, Zhongke Zhongjia, Anhui, China) at 1,274 × g, and the pH was adjusted to neutral. The two filter residues were mixed and freeze-dried to produce dietary fiber.



2.2. Response surface methodology (RSM)

Response surface methodology (RSM) was used to determine the effect of the three independent variables, that is, the addition amount of chaff dietary fiber(A), the addition amount of soybean hull dietary fiber (B), and the addition amount of inulin (C).

Seventeen treatments were conducted based on the Box-Behnken design (BBD). Each run was done in triplicate. The designed response surface tests are presented in Table 1.


TABLE 1    Response surface experimental design.
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According to the preliminary experiment based on RSM, the optimum condition of the three dietary fibers was determined and was used in the following experiments, which was 1.40% chaff dietary fiber, 1.42% soybean hull dietary fiber, and 3.24% inulin, respectively.



2.3. Extraction of myofibrillar protein (MP)

Extraction of MP was carried out as described by Park et al. (14) with minor modifications. The longest muscle of pig back was thawed for 4 h at 4°C in advance, cleaned, and tidied, and the meat was cut into small pieces and weighed in a pre-cooled beaker. Buffer solution (containing 10 mmol/L Na2HPO4/NaH2PO4, 2 mmol/L MgCl2, 1 mmol/L EGTA, 0.1 mmol/L NaCl, 7.0) was added in a volume ratio of 1: 4, and the mixture was stirred evenly with a glass rod (for about 1 min) and homogenized at high speed for 2 min. The connective tissue was filtered out with two layers of sterile gauze. The samples were centrifuged at 5,000 × g for 15 min at 4°C, and the precipitate was collected. Repeat the above procedure three times to obtain the precipitate as crude MP. The crude MP and 0.1 mmol/L NaCl solution were mixed in a volume ratio of 1:4, and centrifuged (H2050R, Xiangyi, Changsha, Hunan, China) (consistent with the centrifugal conditions during extraction) for three times. The obtained precipitate was purified MP, which was stored under seal at 4°C and used up within 48 h. The whole preparation process is carried out at 4°C. Bovine serum albumin was used as the standard, and the extracted MP concentration was determined by biuret method.



2.4. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)

According to the method described by Lv et al. (15) with minor modifications, conduct sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to observe protein cross-linking and polymerization, the extracted MP was diluted to a certain concentration with the loading buffer. And then cooled to room temperature after a water bath of 100°C for 10 min to produce the electrophoretic loading sample. The MP was analyzed by SDS-PAGE gel electrophoresis (WD-9413D, Liuyi, Beijing, China) and imaged in the gel imaging system.



2.5. Preparation of dietary fiber-MP composite gels

The MP was dissolved (0.6 mol/L NaCl,50 mmol/L NaH2SO4/Na2HSO4, pH 6.2) in the extract to adjust the protein concentration to 40 mg/mL. Different dietary fibers were added, respectively, homogenized at a low speed for 30 s by a homogenizer (FSH-2, Mengte, Changzhou, Jiangsu, China), and placed in a constant temperature water bath, which was gradually heated from room temperature to 75°C at a rate of 1°C/min and kept in the 75°C water bath for 10 min before being quickly removed and cooled in ice for 30 min, and finally stored overnight in a 4°C refrigerator for backup. All samples were equilibrated at room temperature for 30 min before testing.

According to the optimal proportion of the composite dietary fiber in the low-fat recombinant meat product obtained by the response surface method. Hull dietary fiber 1.40%, soybean hull dietary fiber 1.42%, inulin 3.24%, the experimental groups were divided into five groups: the control group (T0); added 6.06% chaff dietary fiber (T1); added 6.06% soybean hull dietary fiber (T2); added 6.06% inulin (T3); added 1.40% chaff dietary fiber +1.42% soybean hull dietary fiber +3.24 % inulin (T4).



2.6. Gel strength

According to the method described by Zhuang et al. (16) with minor modifications, the gel samples were cut into cylinders with a height of 2 cm, and the fracture strength and fracture distance were measured on a physical property analyzer (TA. XTPlus, Supertechnical, Fujian, China) using a spherical probe (P/5s). The fracture strength is the value corresponding to the first highest peak on the puncture curve, and the distance at which this peak is formed is the fracture distance. The gel strength value is the product of fracture strength and fracture distance. Specific parameters were set as follows: automatic trigger type, induced force of 5.0 g, and test speed of 1.0 mm/s. The maximum sustain force is that gel strength.



2.7. Water holding capacity (WHC)

A certain mass of gel sample (designated as W1) was weighed, placed in a centrifuge tube (designated as W0), and centrifuged at 10,000 × g for 15 min at 4°C, and weighed the final mass of the sample after centrifugation (17). Three parallel experiments were conducted for each group, and the sampling position as consistent as possible. The water holding capacity of composite gel was calculated according to Formula (1-1):
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In the formula, W0—centrifugal tube quality(g); W1—quality before centrifugation(g); W2—total mass of tube and sample after centrifugation (g).



2.8. Rheological measurements

According to the method described by Sun et al. (18) with minor modifications to determine the rheological properties (Viscotester iQ, Thermo Fisher Scientific Shier, Guangzhou, China) of the samples. Tests were performed in gradient warming oscillation mode using 50 mm plates. The samples were uniformly coated on the test platform. Before the test, the sample edges were sealed with silicone oil to keep closed. Then, the temperature was increased from 20 to 80°C at a rate of 1°C/min with a frequency of 0.1 Hz and a plate spacing of 0.6 mm.



2.9. Secondary structures

The gel samples were freeze-dried and pulverized, and KBr was added for milling. KBr sample tablets were prepared under the pressure of 600 kg/cm2 and scanned in the range of 4,000 cm–1–500 cm–1 by using a Fourier transform infrared spectrometer (Nicolet6700, Thermo Fisher, USA) (19).



2.10. Determination of the intermolecular chemical forces

According to the method of Gómez-Guillén (20), weighing 2 g of the gel sample, adding 10 mL of S1 solution (0.05 mol/L NaCl, 10 ml), S2 solution (0.6 mol/L NaCl), S3 solution (0.6 mol/L NaCl + 1.5 mol/L urea), Solution S4 (0.6 mol/L NaCl + 8 mol/L urea), solution S5 (0.6 mol/L NaCl + 8 mol/L urea + 0.5 mol/L β- mercaptoethanol), homogenized at low speed for 2 min, placed in an environment at 4°C for 1 h, and centrifuged at 10,000 × g for 15 min at 4°C. The supernatant was collected, and the content of protein was determined by biuret method. The chemical acting force is calculated according to formulae 1-2)–1-5:

[image: image]

[image: image]

[image: image]

[image: image]



2.11. Scanning electron microscopy (SEM) of gel structures

According to the method described by Zhuang et al. (21) with minor modifications, the gel samples were cut into small cubes (5 mm × 5 mm × 5 mm) and fixed in 2.5% glutaraldehyde solution at 4°C for 1 day under protection from light. The 0.1 mol/L treated gel samples were washed three times with phosphate buffer (pH 7.4) for 10 min each. Dehydration was performed sequentially with a gradient of ethanol solution (60, 70, 80, 90, and 100%) for 15 min each time. The gel samples were immersed in isoamyl acetate for 15 min and repeated twice, and finally the samples were freeze-dried for 24 h, fixed with double-sided conductive adhesive and then sprayed with gold. The microstructure of the treated gel samples was observed using scanning electron microscopy (S-4800-I, HITACHI, Tokyo, Japan) at 2,500× and 4,000× magnification.



2.12. Statistical analyses

The experiment of each group was repeated three times, and the final result was expressed as means ± standard deviation. The optimum process conditions were obtained by software Design-Expert V8.0.6.1. The data was processed by SPSS 21.0 software. Analyze data for plotting with Origin 2019, Omnic and PeakFit.




3. Results and discussion


3.1. Component analysis of the MP

Myofibrillar protein is the protein of muscle myofibrils, which is composed of myosin, tropomyosin, myosin, and actin (22). According to the electrophoresis results in Figure 1, the MP extracted in this test contained the basic components of MP, such as myosin heavy chain (200 kDa), actin (43 kDa), troponin (37 kDa), tropomyosin (34–36 kDa), and myosin light chain (16–25 kDa). The bands in each group were clear and complete, and the results were basically the same as those reported by Li (23), indicating that the extracted MP could be used for subsequent studies.
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FIGURE 1
MP electrophoresis results. A is Marker; B, C, and D are MP.




3.2. Gel strength

Gel strength can reflect the gel-forming ability of protein, which is related to the gel network structure (24). The effect of different dietary fibers on the strength of MP gel is shown in Figure 2. Compared with the control T0 group, the gel strength was significantly increased in the T1 group added with chaff dietary fiber, the T2 group added with soybean hull dietary fiber, and the T4 group added with compound dietary fiber were increased significantly (P < 0.05). Based on the physicochemical properties of dietary fiber from gluten meal, it was speculated that the improvement of pork MP gel strength might be closely related to the strong water absorption and expansion of dietary fiber from gluten meal. During the thermal processing, the uniformly distributed dietary fibers are expanded and then filled into the MP gel network, resulting in the improvement of gel strength. Inulin has an effect on the gel strength of MP, which may be due to its own gel-forming property, making it possible to increase the number of gel molecules that can be formed per unit volume, strengthening the collision and cross-linking between dietary fiber and protein molecules, and the gel strength is improved (25). The adding effect of the composite dietary fiber is better than that of the single dietary fiber at the same concentration, probably due to the synergistic effect of the different types of dietary fiber on the MP gel, resulting in a significant increase in gel strength (P < 0.05).
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FIGURE 2
Effect of composite dietary fiber on MP gel strength and water retention. T0: control group; T1: 6.06% chaff dietary fiber; T2: 6.06% soybean hull dietary fiber; T3: 6.06% inulin; T4: 1.40% chaff dietary fiber +1.42% soybean hull dietary fiber +3.24% inulin; a–e: different letters indicated significant differences among the samples (P < 0.05).




3.3. WHC

The WHC of MP gel reflected the water binding capacity and gel degree of MP gel in the system, which had a very important effect on the quality of recombinant meat products (26). As shown in Figure 2, the WHC of the composite gel system was significantly (P < 0.05) improved with the addition of dietary fiber. The WHC of the T0 control group was (68.03 ± 0.58)%, and that of the T3 group added with inulin was (70.73 ± 0.36)%, which was 3.97 % higher than that of the T0 control group. This is because inulin can form a strong gel network structure with MP, blocking the free flow of water. The movement of the water molecules is constrained, and the water contained in the water molecules is not easily separated from the MP even under the action of an external force. Therefore, the WHC of the gel is greatly improved. Compared with other groups, the WHC of T4 group with compound dietary fiber was the strongest, which was (82.02 ± 0.97)%, increased by 17.62% compared with the control T0 group. This indicated that the addition of compound dietary fiber could promote the cross-linking of MP during the heat-induced gel process and significantly improve the water binding capacity of the final gel structure (27).



3.4. Rheological property

Myofibrillar protein gel has unique viscoelasticity, and its physical and chemical properties can be reflected by rheology (28). The change of Storage modulus (G′) may reflect the expansion or aggregation of the protein with an increase in temperature, the process of forming an elastic gel network structure. A higher value of G′ indicates a stronger gel-forming ability of protein (19). As shown in Figure 3, the MP storage modulus G′ of dietary fiber increased when compared with that of the control group, and the storage modulus G′ of group T4 when dietary fiber was added was the largest. These results showed that compound dietary fiber could promote the formation of gel structure to the maximum extent. In the control group, the value of G′ gradually increased at 40–50°C, reached its peak at about 50°C and then gradually decreased, rising sharply at 55–80°C. This phenomenon reflected that the temperature began to rise and the protein gel network was initially formed. As the further increase of temperature, leading to the denaturation and recombination of protein molecules, the final stable protein gel is formed (29). The temperature at which the G′ value changed in the T4 group when dietary fiber was added was later than that in other groups, and it occurred at about 54°C. This might be because the three dietary fibers combined to produce a synergistic effect, fully absorbing water and swelling, blocking the development of protein molecules, leading to an increase in the denaturation temperature of protein. Wang et al. (30) believes that synergy between several different exogenous additives can significantly increase that G′ value of MP gel, resulting in higher gel strength, similar to the results of this test.
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FIGURE 3
Effect of composite dietary fiber on rheological properties of MP gel. T0: control group; T1: 6.06% chaff dietary fiber; T2: 6.06% soybean hull dietary fiber; T3: 6.06% inulin; T4: 1.40% chaff dietary fiber +1.42% soybean hull dietary fiber +3.24% inulin.




3.5. Changes of secondary structures

Fourier transform infrared spectrometer can selectively absorb infrared wavelengths and generate different characteristic absorption peaks according to the difference in the internal structure of the sample, so that the Fourier transform infrared spectrometer can be used for analyzing the change law of the secondary structure of the protein (31). Figure 4 shows the infrared spectrum of the dietary fiber-MP composite gel. The amide I-band was located in the range of 1,700–1,600 cm–1, and it characterized the C-O elastic vibration. The amide II band was located in the range of 1,600–1,500 cm–1, and characterized by N–H bending vibration and C–N extensional vibration. The amide A-band, located in the range of 3,600–3,200 cm–1, characterizes the O–H stretching vibration of water molecules, so it is also called “water zone” (32).
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FIGURE 4
Infrared spectrum of composite dietary fiber-MP composite gel. T0: control group; T1: 6.06% chaff dietary fiber; T2: 6.06% soybean hull dietary fiber; T3: 6.06% inulin; T4: 1.40% chaff dietary fiber + 1.42% soybean hull dietary fiber + 3.24% inulin.


As shown in Figure 4, the infrared spectra of MP gel group added with dietary fiber were similar to those of T0 control group, indicating that the addition of dietary fiber would not change the protein skeleton structure. With the addition of dietary fiber, two new absorption peaks appeared in the infrared spectra of MP gel at 1,100–1,000 cm–1 and 3,700–3,600 cm–1, and the peak intensity of the group added with compound dietary fiber increased the most. In addition, compared with the control group, the addition of dietary fiber enhanced the peak intensity at 2,933 and 1,531 cm–1, and the wave number was slightly shifted.

The secondary structure of a protein is extremely sensitive to changes in the amide I band, so it can be used to analyze the secondary structure of a protein. The relationship between the secondary structure and the corresponding absorption peak was as follows: 1,650–1,660 cm–1 represented an α-helix structure, 1,600–1,640 cm–1 represented a β-fold structure, 1,660–1,695 cm–1 represented a β-turn and 1,640–1,650 cm–1 represented a random coil structure (33). The changes in the secondary structure of dietary fiber-MP composite gel are shown in Table 2. Compared with the MP gel of the control group, the α-helix and random coil contents of MP gel added with dietary fiber were decreased, while the β-sheet and β-corner contents were significantly increased. This indicates that the transformation from α-helix to β-fold and β-turn promotes the gelation of protein. In addition, in the α-helix content of MP gel decreased the most, while the β-sheet and β-corner contents increased the most in the compound dietary fiber group, which was conducive to the formation of a more stable gel structure of MP. This was consistent with the results reported by Liu (34). Therefore, the results of this study proved that the added of compound dietary fibers could effectively change the secondary structure of MP gel and enhance the gel-forming ability of protein, thereby improving the texture characteristics of recombinant meat products.


TABLE 2    Effect of composite dietary fiber on the secondary structure of MP gel.
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3.6. Determination of the intermolecular chemical forces

The process of MP gel formation is related to chemical forces such as ionic bonds, hydrophobic interactions, hydrogen bonds and disulfide bonds, which together lead to changes in the gel structure of the protein and thus affect the gel properties of the protein (35). The effect of dietary fiber on the chemical action of MP gel is shown in Figure 5. As shown in Figure 5, compared with the T0 control group, the ionic bonds and hydrogen bonds of the group added with dietary fiber were significantly reduced (P < 0.05). This may be due to the consumption of hydrogen bonds during the transformation of the α-helix to β-fold during gel formation. The hydrophobic interaction and disulfide bond content were increased significantly (P < 0.05), suggesting that the hydrophobic interaction and disulfide bond could promote the formation of a more powerful and elastic three-dimensional network structure between protein molecules and promote the formation of gel (36). Compared with the T0 control group and the T1, T2, and T3 groups added with a single dietary fiber, the hydrophobic interaction and disulfide bond content of the T4 group added with the composite dietary fiber was higher, which indicates that there was a synergistic effect between the chaff dietary fiber, the soybean hull dietary fiber and inulin, which could improve the stability of the gel structure.
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FIGURE 5
The effect of composite dietary fiber on the chemical force of MP gel. T0: control group; T1: 6.06% chaff dietary fiber; T2: 6.06% soybean hull dietary fiber; T3: 6.06% inulin; T4: 1.40% chaff dietary fiber + 1.42% soybean hull dietary fiber + 3.24% inulin. a–d: Different letters indicate that there are significant differences among the samples (P < 0.05).




3.7. Scanning electron microscopy

The network structure of MP gel had an important effect on the texture properties and water holding capacity of recombinant meat products (37). As shown in Figure 6, compared with the control group. The microstructure of pork MP gel added with dietary fiber was more compact, uniform and delicate. Compared with T0 control group, the gel structure of dietary fiber added is smaller, and the pores were decreased. Compared with the gel structure of the control group and the group added with the single dietary fiber, the structure is denser, the surface is smoother and the gap is smaller. This indicated that the protein structure formed by the combination of husk dietary fiber, soybean hull dietary fiber and inulin was superior to the protein gel structure of a single dietary fiber. The chaff dietary fiber and the soybean hull dietary fiber can play a filling role in the gel network. Inulin is uniformly dispersed in the gel structure without macropores. It can promote intermolecular covalent or non-covalent interactions, including disulfide bonds and hydrophobic interactions, can be promoted between protein-protein or protein-fibers. The inulin-MP mixed gel system formed a compact structure (38). The addition of inulin and dietary fiber from soybean hull into meat products could increase the total dietary fiber content and maintain the stability of the meat emulsion system. Therefore, the gel structure pores in the T1 and T2 groups were larger than those in the T4 group.
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FIGURE 6
Effect of composite dietary fiber on the microstructure of MP gel. T0: control group; T1: 6.06% chaff dietary fiber; T2: 6.06% soybean hull dietary fiber; T3: 6.06% inulin; T4: 1.40% chaff dietary fiber + 1.42% soybean hull dietary fiber + 3.24% inulin. T0–T4: the sample is magnified by 2,500 times; T0′–T4′: the sample is magnified 4,000 times.





4. Conclusion

Response surface methodology was used to determine the optimum ratio of rice husk dietary fiber, soybean hull dietary fiber and inulin as 1.40, 1.42, and 3.24%. Compound dietary fibers can affect not only the network structure of MP gel, but also the chemical force between protein and change the gel characteristics. Compared with MP gel without dietary fiber and with single dietary fiber, the water holding capacity, gel strength and storage modulus G′ of the MP gel prepared with the compound dietary fibers added with chaff dietary fiber, soybean hull dietary fiber and inulin were significantly improved. Addition of complex dietary fibers promotes protein secondary structure in α- spiral direction β- fold and β- turn transformation, making the holes in the gel network smaller and the structure more uniformly dense. In addition, the addition of composite dietary fibers could reduce ionic and hydrogen bonds, increase hydrophobic interactions and disulfide bonds, and improve the stability of the gel structure.

In this study, it was found that the compound dietary fiber made of dietary fiber from chaff, dietary fiber from soybean hull and inulin affected the gel characteristics of pork MP, which was of great significance to improve the product quality. In the future, aiming at the changes in the tertiary structure of proteins, the mechanism of the effect of dietary fiber on low-fat recombinant meat products can be explored in depth, which will provide a theoretical support for the actual production.



Instrument summary

Blast dryer (210mm, Huawei Chemical Instruments, Wuhan, Hubei, China), crusher (FSJ302-5, Taist, Tianjing, China), refrigerator (BCD-251WP3CX, Changhong Meiling, Hefei, Anhui, China), water bath (HH-4, Shengwei, Shanghai, China), high-speed centrifuge (HC-3018, Zhongke Zhongjia, Anhui, China), high-speed freezing centrifuge (H2050R, Xiangyi, Changsha, Hunan, China), electrophoretic gel imaging system (WD-9413D, Liuyi, Beijing, China), homogenizer (FSH-2, Mengte, Changzhou, Jiangsu, China), physical property analyzer (TA. XTPlus, Supertechnical, Fujian, China), rheometer (Viscotester iQ, Thermo Fisher Scientific Shier, Guangzhou, China), fourier infrared spectrometer (Nicolet6700, Thermo Fisher, USA), scanning electron microscopy (S-4800-I, HITACHI, Tokyo, Japan).
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Microbial community may systematically promote the development of fermentation process of foods. Traditional fermentation is a spontaneous natural process that determines a unique nutritional characteristic of crab paste of Portunus trituberculatus, However, rare information is available regarding the development pattern and metabolic role of bacterial community during the fermentation of crab paste. Here, using a 16S rRNA gene amplicon sequencing technology, we investigated dynamics of bacterial community and its relationship with metabolites during the fermentation of crab paste. The results showed that bacterial community changed dynamically with the fermentation of crab paste which highlighted by consistently decreased α-diversity and overwhelming dominance of Vibrio at the later days of fermentation. Vibrio had a positive correlation with trimethylamine, hypoxanthine, formate, and alanine while a negative correlation with inosine and adenosine diphosphate. In contrast, most of other bacterial indicators had a reverse correlation with these metabolites. Moreover, Vibrio presented an improved function potential in the formation of the significantly increased metabolites. These findings demonstrate that the inexorable rise of Vibrio not only drives the indicator OTUs turnover in the bacterial community but also has incriminated the quality of crab paste from fresh to perished.
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1. Introduction

By giving the distinctive flavor and taste, traditional fermentation process has been conducted on a catalog of seafoods such as fish (1, 2), shrimp (3), and crab (4). On one hand, the physiologically active substances such as vitamins (3), amino acids (5), and organic acids (6) are produced during the fermentation of aquatic products. On the other hand, some undesirable substances such as hypoxanthine (Hx) and trimethylamine (TMA) could be simultaneously formed (7). Hx is the main cause of the bitter taste and unpleasant smell of aquatic products (8, 9) whereas TMA may induce cancer (10) and cardiovascular disease (11) if taken excessively. In this regard, fermented seafood quality is a hotspot for food safety, which play a vital role for human health.

Traditional fermentation of seafoods is a spontaneous natural process in which autolytic enzymes and microbes jointly develop a unique nutritional characteristic (12). Among them, microbial community could be adaptive and metabolically diverse and may systematically promote the development of fermentation process (13). Particularly, some studies have explored the microbial metabolic functions in the production of volatile flavor compounds from shrimp paste (12) and fermented mandarin fish (14). Like Hx from adenosine triphosphate (ATP) (15), and TMA from trimethylamine N-oxide (TMAO) (16, 17). Therefore, comprehensively elucidating how the microbial community changes and its relationship with fermented substances over fermentation is fundamental for the seafood quality.

As a popular fermented aquatic product, crab paste is made by directly mixing fresh meat of the swimming crab, Portunus trituberculatus, with seasonings including salt, sugar, monosodium glutamate, and liquor (4). Twenty-eight metabolites such as amino acids, organic acids, and organic bases have been detected in crab paste based on our previous metabolomic work (7). Although some cultural bacteria such as Staphylococcus, Arthrobacter, and Sphingobacterium have been found in crab paste (18–21). Rare information is available regarding the succession of bacterial community in such an evolving, complex mixture of crab paste and its metabolic contribution to fermented substances, which might be important to the quality control of crab paste.

Therefore, in this study, a 16S rRNA gene amplicon sequencing technology was used to analyze the change of bacterial community structure across the fermentation of crab paste. Combining multivariate statistical analysis and PICRUSt2 functional prediction, we aimed to reveal the following: (1) the dynamics of α-diversity and composition of bacterial community with the fermentation of crab paste, (2) the relationships between bacterial taxa and fermented products of crab paste, (3) the functional potential of Vibrio in the formation of fermented products.



2. Materials and methods


2.1. Crab paste processing

Live seven swimming crabs (205.69 ± 17.25 g) were purchased from a crab aquafarm in Ningbo, China and anaesthetized on ice. Each crab was cleaned using tap water and cut into pieces immediately. For crab paste processing, the crab pieces were mixed with 4% sucrose, 2% salt, 1% monosodium glutamate, and 1% white liquor with 40% ethanol and were packaged in an airtight plastic bag for 7 days-fermentation at 4°C. The samples were respectively taken at 1, 3, 5, and 7 days of fermentation and the fresh crab samples were used as control. All samples were stored at −80°C for further analysis.



2.2. DNA extraction, 16S rRNA gene amplification, and illumina sequencing

Genomic DNA was extracted from 0.5 g of crab paste for each sample using the FastDNA Spin kit (MP Biomedicals, USA). The concentration and purity of DNA extracts were measured by a NanoDrop ND-1000 spectrophotometer. The V3–V4 region of 16S rRNA gene was amplified using the primer sets 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) with dual barcodes (21). To reduce the bias during amplification, PCR reactions were performed in triplicate for each sample. Following purification, assessment of fragment size, and quantification, PCR amplicons for each sample were aggregated in equimolar ratios and sequenced with the Illumina MiSeq platform (Illumina, USA) for generating paired end reads. Raw sequence data are available in the NCBI Sequence Read Archive under BigProject PRJNA808815.



2.3. Sequence processing

Paired-end reads were merged using FLASH (22). The merged sequences were quality filtered and processed using the QIIME2 pipeline (23). Following chimera detection using UCHIME (24), the remaining high-quality sequences without chimeras were sorted into the operational taxonomic units (OTUs) with a cutoff of 97% sequence similarity using UCLUST (25). To obtain the taxonomic information, the sequence with the highest abundance and coverage in each OTU was selected for assignment against the Greengenes database (release 13.8) using PyNAST (26). After removing the sequences which cannot be assigned to bacteria, a total of 3,288,164 clean reads (mean 93,948 reads per sample) were detected in the 35 crab paste samples. To avoid unequal sequencing depth, the OTU table was rarefied at 44,350 reads per sample for further analysis.



2.4. Statistical analysis

Shannon index, Richness, and phylogenetic diversity indices were calculated using QIIME. Pielou’s evenness was calculated using the R package “vegan.” Differences in α-diversity indices and bacterial populations were compared using the Kruskal-Wallis test in the “agricolae” package. A non-metric multidimensional scaling (NMDS) and a principal coordinate analysis (PCoA) were jointly used to visualize the differences in bacterial communities of crab paste between each fermentation time point, with three non-parametric multivariate analyses of dissimilarity based on Bray-Curtis distance using the “vegan” package, including MRPP, ANOSIM, and Adonis. To identify indicative bacteria that associated with fermentation time, the indicators at the OTU level were screened using the R “labdsv” package (27). The indicators of dominant bacteria at the OTU level (with average relative abundance > 0.01% in all samples) were screened with a significant difference between groups (p < 0.05) and indicator value (Indval) > 0.5 using the R package “labdsv.” Spearman correlations between indicator OTUs and significantly changed metabolites (7) were calculated and visualized using the R “psych” and “pheatmap” packages, respectively.

To infer the functional potential of Vibrio, the OTU table of Vibrio was used for predicted 16S rRNA gene copy number by PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Observed States, v2.1.0-b) pipeline (28). Here, only genes involved in the metabolism pathways of significantly changed metabolites of crab paste were predicted. Functional annotations of the genes were obtained according to the KEGG database.1 Differences in functional genes were compared using the Kruskal-Wallis test in the “agricolae” package. All analyses and plots were completed in R 4.0.4 (R Foundation for Statistical Computing, Vienna, Austria).




3. Results


3.1. Change of bacterial community during fermentation

After the sequencing of 16S rRNA amplicons, a total of 3,288,164 high-quality sequences from 35 samples were obtained, with an average of 93,948 ± 21,784 reads per sample. Subsequent analysis was performed on a minimum of 44,350 reads per sample after normalization and homogenization.

To explore change in the bacterial community of crab paste during fermentation, changes of bacterial α-diversity indices were investigated. Bacterial α-diversity of crab paste was at the highest level before fermentation (at day 0), then decreased after fermentation (Figure 1). The Shannon index, richness of observed species, and phylogenetic diversity decreased sharply at the first day of fermentation (p < 0.05) while the Pielous’s evenness index showed a significant drop from the third day of fermentation (p < 0.05). Although the bacterial α-diversity showed certain fluctuation at day 3, it finally reached the lowest level at the end of fermentation. Overall, bacterial α-diversity indices of crab paste were all reduced over fermentation time.
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FIGURE 1
Changes of bacterial α-diversity indices over crab paste fermentation. Data present means ± standard deviation. Different letters indicate significant differences among groups (p < 0.05).


Next, we analyzed whether bacterial community composition of crab paste changed with fermentation time. We found that the bacterial community of crab paste presented a clear succession tendency along the first axis after fermentation if fresh crab samples were excluded (Figures 2A, B). Three non-parametric dissimilarity analyses including MRPP, ANOSIM, and Adonis showed a significant difference between fermentation time points (p < 0.05) except between day 0 and day 1 as well as between day 1 and day 3 (Table 1). These observations indicate that the main variation in the crab paste microbiota occurs at the later period of fermentation.
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FIGURE 2
Changes of bacterial communities over crab paste fermentation. Non-metric multidimensional scaling (NMDS) plot (A) and principal coordinate analysis (PCoA) plot (B) based on Bray-Curtis dissimilarity visualizing compositional variations of bacterial communities of crab paste at day 0 (red), day 1 (blue), day 3 (orange), day 5 (green), and day 7 (purple). The relative abundances of bacterial communities at the phyla/proteobacterial classes (C) and genus (E) Level in crab paste during fermentation. Species with relative abundance < 1% were classified as “others”. Significantly increased phyla/proteobacterial classes (D) and genera (F) over crab paste fermentation. Data present means ± standard deviation. Different letters indicate significant differences among groups (p < 0.05).



TABLE 1    Significance tests of the differences in bacterial communities of crab paste between fermentation time points.
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The changes in bacterial community composition of crab paste over fermentation time were detectable at the phylum/class level (Figure 2C). Seven dominant phyla/classes including Gammaproteobacteria, Bacteroides, Alphaproteobacteria, Actinobacteria, Tenericutes, Firmicutes, and Deltaproteobacteria all changed across time. Of note, the relative abundance of Gammaproteobacteria highly increased over fermentation time (Figure 2D). Among them, the relative abundance of Gammaproteobacteria continued to increase to the extreme dominance (71.9%) at day 7. In contrast, the relative abundances of Bacteroides, Alphaproteobacteria, and Deltaproteobacteria decreased over fermentation time (Supplementary Figure 1A). The bacterial changes in crab paste over fermentation time were also detectable at the genus level (Figure 2E). The average relative abundance of Vibrio markedly increased throughout the fermentation, reaching up to 48% at day 7 (Figure 2F). In contrast, the relative abundances of Psychrobacter, Bizionia, and Roseovarius significantly decreased over time (Supplementary Figure 1B). Taken together, these observations indicate a substantial rising of Gammaproteobacteria (mainly Vibrio) in the bacterial community of crab paste due to fermentation.



3.2. Indicator OTUs associated with fermentation time

The bacterial assemblages which characterized the discrete bacterial communities of crab paste due to fermentation were further examined. A total of 32 indicator OTUs were screened out at different fermentation time points (Figure 3). In detail, nearly half of the indicator OTUs were most abundant in the fresh crabs (at day 0), such as five OTUs belonging to Flavobacteriaceae (OTU 148, OTU 4657, OTU 6196, OTU 5946, and OTU 1499), three OTUs belonging to Gracilibacteria (OTU 194, OTU 455, and OTU 383), and two OTUs belonging to Mesonia (OTU 4231 and OTU 6680) (Figure 3A). As fermentation proceeded, indicators OTU 344 belonging to Aequorivita viscosa and OTU 338 belonging to Halomonas were most abundant in the crab paste at day 1 (Figure 3B). Further, only one indicator OTU 651 belonging to Brachybacterium presented the highest relative abundance at day 3 and one indicator OTU 329 belonging to Vibrio did at day 5 (Figure 3B). At day 7, 11 OTUs (OTU 35, OTU 28, OTU 26, OTU 24, OTU 7, OTU 140, OTU 14, OTU 275, OTU 77, OTU 8, and OTU 9) belonging to Vibrio dominated in the bacterial community of crab paste, accompanied by OTU 6592 belonging to Gammaproteobacteria (Figure 3A).


[image: image]

FIGURE 3
The 32 indicator operational taxonomic units (OTUs) values (A) and relative abundances (B) of crab paste at day 0 (red), day 1 (blue), day 3 (orange), day 5 (green), and day 7 (purple). The length of the bar in plot (A) represents Indval of one indicator OTU. The diameters of the circles in plot (B) are proportional to the relative abundances of the OTUs, with the red, blue, orange, green, and purple circles indicating the peak relative abundances at five fermentation time points, respectively.




3.3. Relationships between indicator OTUs and metabolites

To understand how bacteria relate to metabolites during crab paste fermentation, we analyzed the relationships between indicator OTUs and significantly changed metabolites based on our previous metabolomic results (7). As expected, the heatmap shows a close correlation between bacteria and metabolites with red denoting positive correlation, whereas blue denoting negative correlation (Figure 4). Notably, almost all of indicator OTUs could be classified into two clusters according to the taxonomic information: cluster I (not Vibrio) and cluster II (Vibrio) except OTU6592 which could not be assigned to genus due to the limited 16S rRNA gene information. The cluster I was complex during the first three days of fermentation while cluster II tended to be simple and highlighted by one remarkable indicator OTU turnover since the fifth day of fermentation. Specifically, 12 Vibrio OTUs overwhelmingly dominated in cluster II with one OTU emerging at day 5. Moreover, the two clusters presented a complementary correlation with metabolites. In detail, most of OTUs in cluster I showed positive correlations with inosine, adenosine diphosphate (ADP), taurine, and 2-pyridinemethanol, whereas negative correlations with formate, Hx, and TMA. In contrast, most of OTUs in cluster II presented reverse correlations with metabolites which highlighted by positive correlations with alanine, formate, Hx, and TMA while negative correlations with lactate, inosine, ADP, taurine, trigonelline, and 2-pyridinemethanol. These observations indicate that the succession of bacterial community may play a vital role in the metabolite formation of crab paste during fermentation.
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FIGURE 4
Clustering heatmap showing the Spearman’s correlations between the indicative bacterial operational taxonomic units (OTUs) and the significantly changed metabolites, with red and blue indicating significant positive and negative correlations, respectively.




3.4. Vibrio function prediction analysis

Given the predominance of Vibrio in the bacterial community due to fermentation, large differences in functional profiles of the genus Vibrio between before and after fermentation were predicted by PICRUSt2. We found a significant increase in the abundances of nine predicted function genes of Vibrio (p < 0.05) (Table 2 and Figure 5), which were involved in the metabolic pathways of significantly changed metabolites of crab paste during fermentation (7). For example, the abundances of torA and torZ encoding trimethylamine-N-oxide reductase increased approximately 98-fold at day 7 compared to those at day 0. These results indicate that Vibrio may play a critical role in the metabolite changes of crab paste during fermentation.


TABLE 2    The abundances of predicted functional genes in Vibrio.
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FIGURE 5
Heatmap showing the abundances of predicted function genes of Vibrio involved in the metabolic pathways of significantly changed metabolites of crab paste during fermentation. The data of gene abundances were log2 transformed.





4. Discussion

Microorganisms impart crab paste a unique flavor and nutritional composition, but they may also lead to spoilage (18–20). Understanding the dynamic changes in the bacterial community may help in the quality control in seafood fermentation. Our microbial study across 7-day fermentation of crab paste allowed an in-depth look into the dynamics of a developing fermented seafood ecosystem. We observed a consistent decrease in bacterial α-diversity over fermentation (Figure 1). The decrease of bacterial α-diversity due to fermentation has been observed in fermented tempeh (29), kimchi (30), and fish (2). The reason why the great loss of bacterial α-diversity during fermentation may be the overabundance of Gamaproteobacteria which inexorably rising from the fifth day of fermentation (Figures 2C, D). Specifically, merely the relative abundance of Gamaproteobacteria (mainly Vibrio) continuously increased with fermentation which accompanied by a substantial decrease in the relative abundances of other phyla. Notably, only Vibrio became predominant in the later days of crab paste fermentation (Figures 2E, F, 3A, B), which is consistent with the change characteristics of gut bacteria in the diseased swimming crab (31) and shrimp (32). Vibrio comprises about > 100 species (33). some Vibrio species such as V. harveyi, V. alginolyticus, and V. parahaemolyticus form pathogenic or symbiotic relationships with marine animals (34–37). This genus seemly had a robust competitive ability and physiological adaption in crab paste environment with high sugar, high salt, and high liquor contents. Such a characteristic change of bacterial community highlighted by an inexorable rise of Vibrio may drive the evolution of metabolomic profile of crab paste during fermentation as observed before (7).

Our correlation analysis and functional prediction can confirm this assertion. As we expected, the results of correlation analysis strongly support a vital role of Vibrio in the formation of TMA, Hx, formate, and alanine in the crab paste during fermentation (Figure 4). TMA is mainly responsible for the fishy odor and often associated with decomposition of aquatic animals, therefore this simple amine is regarded as well-known fish freshness index (38). An excessive intake of TMA will lead to a TMA poisoning (39) and it has been identified as a uremic toxin (40). TMA has been found to be a product of various types of bacteria such as Escherichia, Shewanella, Photobacterium, and Vibrio via the reduction of TMAO (16, 41–44). Of note, in this study, two genes K07811 (torA) and K07812 (torZ) encoding two isozymes of TMAO reductase (TorA and TorZ) were predicted in the genome of Vibrio. TMAO reductase is capable to reduce TMAO to TMA. Moreover, the abundances of these two genes were largely enhanced with the fermentation of crab paste (Figure 5). As such, we speculate that Vibrio contributes most to the TMA formation by TMAO reductase system and drives the spoilage of crab paste.

Moreover, Vibrio positively correlated to Hx but negatively correlated to ADP and inosine (Figure 4). These three compounds are intermediate metabolites in the pathway of ATP catabolism as observed in the postmortem muscle of the mud crab Scylla paramamosain (15, 45). Among them, inosine and Hx are two important determinants of various nucleotide freshness indicators such as K value, Ki value, and H value (46–48). It is generally believed that the breakdown from ATP to inosine monophosphate (IMP) results from autolysis enzyme action, while the further degradation of IMP to inosine and Hx probably results from microbial action (49). In this regard, the production of inosine and Hx may attribute to bacterial metabolism. Moreover, we predicted the genes including K01081 and ushA (K11751) which encoding 5′-nucleotidase/UDP-sugar diphosphatase involved in the conversion of IMP to inosine in Vibrio. We also predicted the genes including deoD (K03784) and ppnP (K09913) which encoding purine-nucleoside phosphorylase and purine-pyrimidine-nucleoside phosphorylase involved in the degradation of inosine to Hx in this genus. Notably, the abundances of these four genes were all highly elevated with the fermentation of crab paste (Figure 5). These observations strongly imply the crucial functional potentials of Vibrio in the ATP catabolism. Previous evidence supports this notion in which Vibrio can secrete extracellular hydrolases decomposing inosine to Hx (50). Given the importance of inosine and Hx in calculating the nucleotide indices, Vibrio is further inferred as an important driver in the spoilage of crab paste from the perspective of nucleotide freshness indicator.

In addition, our results suggest that Vibrio may contribute to the formate and alanine production in the crab paste (Figures 4, 5). This is in line with earlier observations in which formate and alanine can be produced from glucose and other carbohydrates under the action of Vibrio (51, 52). Although formate and alanine are not regarded as the freshness index of seafood, these observations indicate a more diverse metabolic potential of Vibrio during the fermentation of crab paste.

Collectively, these findings combined with our previous metabolomic findings demonstrate that the succession of bacterial community highlighted by the rise of Vibrio during the fermentation of crab paste could be Darwinism encouraging survival of the fittest by requiring extinction of the unfit. Such a change in microbial ecology indeed correlates with a changed metabolic activity of bacteria, which subsequently driving the quality switch from fresh to spoilt crab paste.



5. Conclusion

This study revealed a dynamic change of bacterial community with the fermentation of crab paste which highlighted by consistently decreased α-diversity and overwhelming dominance of Vibrio at the later days of fermentation. Vibrio had a positive correlation with TMA, Hx, formate, and alanine while a negative correlation with inosine and ADP. In contrast, most of other bacterial indicators had a reverse correlation with these metabolites. Moreover, Vibrio presented an improved function potential in the formation of the significantly increased metabolites. Collectively, these findings combined with our previous metabolomic findings demonstrate that the inexorable rise of Vibrio not only drives the indicator OTUs turnover in the bacterial community but also is implicated in the quality switch from fresh to spoilt crab paste. In fact, natural microbial fermentation can be a double-edged sword. How to control the microbial fermentation of seafood with great precision merits need to be studied in future.
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Introduction: Dairy products have long been regarded as a controversial nutrient for the skin. However, a clear demonstration of donkey milk (DM) on skincare is required.

Methods: In this study, spectrum and chemical component analyses were applied to DM. Then, the effects of DM on UVB-induced skin barrier damage and melanin pigmentation were first evaluated in vitro and in vivo. Cell survival, animal models, and expression of filaggrin (FLG) were determined to confirm the effect of DM on UVB-induced skin barrier damage. Melanogenesis and tyrosinase (TYR) activity were assessed after UVB irradiation to clarify the effect of DM on whitening activities. Further, a network pharmacology method was applied to study the interaction between DM ingredients and UVB-induced skin injury. Meanwhile, an analysis of the melanogenesis molecular target network was developed and validated to predict the melanogenesis regulators in DM.

Results: DM was rich in cholesterols, fatty acids, vitamins and amino acids. The results of evaluation of whitening activities in vitro and in vivo indicated that DM had a potent inhibitory effect on melanin synthesis. The results of effects of DM on UVB‑induced skin barrier damage indicated that DM inhibited UVB-induced injury and restored skin barrier function via up-regulation expression of FLG (filaggrin). The pharmacological network of DM showed that DM regulated steroid biosynthesis and fatty acid metabolism in keratinocytes and 64 melanin targets which the main contributing role of DM might target melanogenesis, cell adhesion molecules (CAMs), and Tumor necrosis factor (TNF) pathway.

Discussion: These results highlight the potential use of DM as a promising agent for whitening and anti-photoaging applications.

KEYWORDS
 donkey milk, UVB, skin barrier function, melanogenesis, network pharmacology


Introduction

Exposure to ultraviolet (UV) radiation from sunlight accounts for a global rise in premature skin aging and skin cancer (1). UV rays are separable into three types through wavelength: UVC is 200–280 nm, UVA is 320–400 nm and 280–320 nm is UVB (2). Since shorter UV wavelengths bring about more terrific impairment to the human body, the impairment induced by UVC is more pernicious than that caused by UVA and UVB (3). UVC has been mostly absorbed by the ozone layer in the atmosphere. Therefore, UVB is the most dominant UV radiation for resulting in wrinkles, laxity, coarseness, and mottled pigmentation (4). In the sunburn response, vasodilation and increased blood flow, endothelial cell activation, formation of “sunburn cells” (i.e., keratinocytes undergoing p53-dependent apoptosis), and release of inflammatory mediators occur in the epidermis and dermis before erythema and edema (5, 6). Proinflammatory cytokines, i.e., TNF-α, PGE2, PGE3, COX-2, IL-6, and IL-8, may play several roles in UVB-induced inflammation, including activation of transcription factors, upregulation of endothelial adhesion molecules, and recruitment of neutrophils to the skin (7–9).

Acute skin damage due to tanning manifests as sunburn (4). Melanogenesis, on the other hand, may protect skin from the damages caused by UV irradiation (10). Exposure to UV radiation, keratinocytes secrete an important melanogenesis regulator, α-melanocyte stimulating hormones (α-MSH), which may trigger the microphthalmia-associated transcription factor (MITF) activation through the melanocortin 1 receptor (MC1R) signaling pathway in melanocytes (11). Then, the tyrosinase (TYR) activity and melanin production are subsequently upregulated in the melanosome. Finally, melanin, which is produced and stored in melanocytes, is transferred to their attached keratinocytes. UVB-mediated pigmentation (delayed tanning) can also be triggered by an inflammatory cascade, suggesting that inflammation and sunburn are also important in the tanning response (12–14). Furthermore, UV damage to the skin triggers inflammation that decreases the expression of genes associated with permeability barrier repair (15). Filaggrin (FLG), which is thought to be a major factor in the skin barrier, is reduced by sunburn (4, 16). During the past decade, safeguarding against UV radiation has been highly studied and was promoted in lots of public health education programs (17). Researchers have frequently concentrated on how to forbid excessive UV exposure, and seldom pay attention to sunburn repairing, post-basking recovery, and pigmentation mechanisms (14, 18).

Milk, one of the most significant provisions for mammals, is the preferred form of feed supplying nutrients and energy (19). Dairy products have been regarded as a conventional nutrient for the skin and milk bath remains popular. Dairy protein allergy, nevertheless, is the most prevailing food allergy in infants, that often experience crossed sensitivity to the present substitute formulae including sheep, goats, milk hydrolysate, and soya bean milk (20). Donkey milk (DM), as a valid natural substitute for cow milk, is similar to human milk in chemical components and organoleptic characteristics (21), which draws our attention. To our knowledge, no allergic reaction to DM has been reported so far. It is said that Cleopatra took DM for a shower to lighten the skin around 3,000 years ago (22). Many milk compositions have shown promise in preclinical studies and have been undergoing active clinical trials (23). DM may benefit overall skin health and cure some skin diseases because DM is rich in vitamin A, vitamin C, niacin, phosphorus, magnesium, zinc, glycine, glutamic acid, ω3-polyunsaturated fatty acids, lipidic prostaglandins, leukotrienes (22), all of which occur in pharmaceuticals and cosmetics.

Until now, the anti-photo damage activities of DM, especially skin barrier protection and melanin production inhibitory activities, have not been reported yet. This paper aimed at exploring the protective effects of DM on UVB-induced skin barrier damage and melanin pigmentation via in vitro and in vivo studies. In the animal model study, DM was applied topically on the UVB-irradiated dorsum skin of mice. The thickness and integrity of these irradiated skin were evaluated at definite time points. In vitro study, we added DM in the culture medium of UVB-irradiated HaCaT cells and observed the viability and protein expression. Meanwhile, B16 cells were applied to evaluate TYR activity and melanogenesis with or without DM after UVB-irradiated. Besides, the mechanisms of DM on UVB-induced skin barrier damage and melanin pigmentation were evaluated via a network pharmacology method. Overall, DM has considerable potential as a functional ingredient in food, cosmetic and pharmaceutical applications.



Materials and methods


Materials and reagents

DM was provided by Dong-E E-Jiao Co. Ltd (Shandong, China). B16 and HaCaT cell lines were from Kunming Institute of Zoology, Chinese Academy of Sciences. Dulbecco’s modified Eagle’s Medium (DMEM), penicillin and streptomycin solution and trypsin (0.25%) were obtained from HyClone (GE Health Care Life Science, Little Chalfont, Buckinghamshire, United Kingdom). Ascorbic acid (Vitamin C), tyrosinase, and L-dopa were purchased from Sigma (Sigma, United States). Fetal bovine serum (FBS) was from Gibco (Thermo Fisher, Waltham, MA, United States). Phosphate-buffered saline (PBS) was purchased from Zsbio Commerce CO (Zsbio, China). CCK-8 (Cell Counting Kit-8) was gained from Dojindo (Dojindo Laboratories, Kumamoto, Japan). Trizol reagent was acquired from Invitrogen Life Technologies (Carlsbad, CA). FLG primary antibody and corresponding secondary antibody (all from rabbit, 1: 2000) were procured from Abcam company (Abcam, United Kingdom). HE Stain assay kit was procured from Solarbio (Solarbio Inc., China). All other chemicals and solvents were of analytical grade.

Microplate spectrophotometer was Bio-Rad (Bio-Rad Inc., Hercules, CA, United States). Chromatography instruments were Agilent 7890A, Agilent ICP-OES5110, Agilent 1,200, and Thermo U3000, respectively. High-speed amino acid analyzer is Hitachi L-8900. Fluoro spectrophotometries are AFC062 and AFC045. Potentiometric titrator is AFC057.



Determination of main active ingredients in donkey milk


Total amino acids composition analysis

AAs concentrations in DM were analyzed by a Hitachi L-8900 AAs analyzer (Hitachi, Ltd., Japan). A mixture of basic, acid, and neutral AAs of known concentrations (Sigma Chemical Co., St. Louis, MO) was used as standard. The samples were hydrolyzed in 6 mol HCl at 110°C for 22 h and filtered through a filter (pore size, 0.22 μM). AAs were derived through reactions with the ninhydrin reagent and detected by the absorbances at 440 nm (proline and hydroxyproline) or 570 nm (total AAs except for proline and hydroxyproline).



Determination of fatty acids content

Fatty acids of DM were determined by Gas chromatography (GC) analysis. The fatty acids were obtained with sodium hydroxide in methanol and injected into an Agilent 7890A gas-chromatograph device (Agilent Technologies, United States), equipped with a flame ionization detector. The chromatographic column (Supelco SP-2560, China) was performed. Purified helium was used as a carrier gas with a split ratio of 1: 100. A 1.0 μl aliquot of each sample was injected at an initial temperature of 100°C and held constant for 13 min before being increased to 180°C at 10°C/min and held for 6 min, then ramped to 200°C at 1°C/min held for 20 min and then increased to 230°C at 4°C/min held for 10.5 min. The injector and detector temperatures were set at 270°C and 280°C, respectively.



Determination of mineral content

Determination of Ca, Fe, K, Mg, Na, and Zn was carried out with an inductively coupled plasma optical emission spectrometer (Agilent Technologies, United States). For plasma generation, nebulization, and auxiliary gas, argon with a purity of 99.996% was used. Digestion of samples was also performed using HNO3 (5% v/v) in a microwave dissolver (MARS, USA). After the digestion procedure, clear solutions were obtained, and the analytes were determined by ICP-OES. The ICP-OES operating conditions are listed in Supplementary Table S1.



Determination of cholesterol content

The cholesterol content was determined according to the National Standards of the PRC. DM was saponified with methanolic potassium hydroxide, and the unsaponifiable matter was extracted by ligarine and diethyl ether, separated, and determined by HPLC. Analysis of cholesterol was performed by Agilent 1,200 (Agilent Technologies, United States) adapted a ZORBAX SB-C18 (4.6 mm × 150 mm, 5.0 μM) column and detected at 205 nm. The samples were filtered before injection (Millipore 0.45 μM). Injected volume was 50 μl, flow rate 1.0 ml/min, isocratic mode with methanol.

The determination of other chemical components (vitamin C, vitamin D2, vitamin D3, taurine, phosphorus, and chloride) of DM powder was provided in the section Supplementary Materials and Methods.




Cell viability assay

Cytotoxic effect of DM on B16 or HaCaT cells was determined by the CCK-8 assay. The B16 or HaCaT cells were seeded at 2–8 × 104 cells/well in 24 well plates and incubated in a humidified incubator at 37°C under 5% CO2 for 24 h. The cells then were cultured for 24 h with or without DM (0.1–25 mg/mL). Cell survival was calculated as the percentages of that of control. Each sample was tested for three independent analyses.



Evaluation of donkey milk on melanin pigmentation in vitro


Determination of melanin content

B16 cells were seeded at a density of 2–5 × 105 cells/mL in 6-well plates and incubated for 24 h. Cells were then exposed to increasing doses of DM or ascorbic acid (VC) for 48 h in the presence or absence of 100 nM α-MSH. Then harvesting and centrifugation for 10 min at 4°C, the cells were dissolved in 1 M NaOH at 80°C for 1 h. The melanin content was gauged by the absorbance of microplate reader at 405 nm.



Assay of tyrosinase activity

The cells were seeded at a density of 2–5 × 105 cells/mL in 6-well plates and cultured for 24 h. Cells were then exposed to increasing doses of DM or VC for 48 h in the presence or absence of 100 nM α-MSH, Then, cells were washed twice with PBS and lysed in 1.0% Triton X in a refrigerator at-80°C for 30 min. 0.5% L-DOPA was added to each cell lysate and incubated at 37°C for 3 h. All the values of absorbance were gauged with a spectrophotometer at 475 nm. The inhibitory activity of TYR activity was expressed as inhibition ratios of that of control.




Tyrosinase, dopachrome tautomerase, tyrosinase-related protein 1, and microphthalmia-associated transcription factor mRNA expression assay

An amount of 1 × 105 B16 cells per well were cultured in 24-well plates for 24 h and then incubated with PBS after washing for twice. Cells were then exposed to increasing doses of DM for 48 h in the presence or absence of 100 nM α-MSH. The Trizol method was applied to extract total cellular RNA according to the manufacturer’s instruction. NovoScript Kit (Novoproptein, China) was then used for the amplification with real-time PCR (Bio-Rad Inc., United States). The 2-ΔCT approach was performed to investigate gene Tyr, Dopachrome tautomerase (Dct), Tyrosinase-related protein 1 (TYRP1), MITF expression and β-actin mRNA served as an endogenous control to evaluate the relative expression levels of target mRNAs. The sequences of primers were listed in Table 1.



TABLE 1 The sequences of primers used for reverse transcription.
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Evaluation of donkey milk on UVB-induced skin barrier damage


Filaggrin protein expression assay

An amount of 5 × 105 HaCaT cells per well were cultured in 6-well plates for 24 h. After PBS washing three times, the cells were covered with PBS and a dose of 20 mJ/cm2 UVB irradiation. The cells were then cultivated in serum-free DMEM culture medium with DM added at varying concentrations for 24 h, or untreated (control， with neither UVB radiation nor DM supplement). The HaCaT cells were then acquired on an ice plate and added the lysis buffer to lyse for 30 min. Cellular extracts were then centrifuged at temperature 4°C for 15. The BCA assay (Beyotime, China) was then applied to evaluate collected total proteins’ amount. Commercial SDS-PAGE gels (Beyotime, China) were utilized to separate whole proteins and protein bands, the proteins were then electro-transferred to PVDF membranes (Millipore, United States). After transferring, PVDF membranes were blocked for 30 min with the quick confining liquid (Beyotime, China). To probe corresponding target proteins, PVDF membranes were incubated with GAPDH and filaggrin (FLG) antibodies for 24 h at 4°C, subsequently incubated with secondary antibody for 1 h at 20°C. The iBright system (iBright FL1500, Thermo Fisher, USA) was employed to assess the protein bands in this study. Relative expression of objective protein (GAPDH as an internal control) was observed by electrophoresis bands’ optical density and calculated with Image J (National Institutes of Health, Germany).



In vivo experiments

Six-week-old female C57BL/6 mice (Chengdu Dashuo Inc., China) were raised under standard animal husbandry conditions. This study was approved by the Ethical Committee of the West China Hospital of Sichuan University (Chengdu, China). The mice were separated randomly into five groups: a negative control group (n = 3), which was exposed to no UVB irradiation; a positive control group (n = 3), which received UVB irradiation and with no treatments; a hydrocortisone group (n = 3), which received UVB rays and treated with hydrocortisone cream; a concentration of 5 mg/ml DM treatment group (n = 3), which was exposed to UVB irradiation and treated with 5 mg/ml DM; a concentration of 10 mg/ml DM treatment group (n = 3), which was exposed to UVB irradiation and treated with 10 mg/ml DM. those external productions were applied once a day. After the treatment process, the animals were sacrificed on the 7th day, and skin lesion specimens were immersed in 4% paraformaldehyde. Hematoxylin and eosin (H&E) staining was used to demonstrate the general histopathological variations in the skin.




Network pharmacology study


Relevant targets data collection

The test report of DM ingredients was released as described above. GeneCards1 (updated on December, 2019) (24), DrugBank2 (updated on December, 2019) (25), and ChEMBL3 (updated on Dec, 2019) were used. In order to acquire integrated and accurate data, substantial work of data mining and literature searching needed to be explored to ascertain the construction of the database.



Network analysis

The targets databases for ingredients of DM and UVB-induced skin barrier damage and melanin pigmentation were utilized to mine the potential UVB-protective targets. The ingredients of DM and relevant targets databases were utilized to mine the targets. To determine the connection between ingredients and target for DM, a network study was developed using STRING4 (updated on August, 2019) and plotted using Cytoscape5 (version 3.7.1) (26). We used Cytoscape 3.7.1 software to construct protein–protein (PPI) and component-target interaction networks. Target protein molecules were displayed by “nodes” and interrelationships by “edges.” With excellent visual interface, the interaction between components and targets can be clearly shown. Pasted targets into the list of genes on the right and submitted them. We performed several gene ontology (GO) analyses (p < 0.05) and used Kyoto Encyclopedia of Genes and Genomes (KEGG) automatic annotation database6 (KAAS) to analyze the obtained targets and related signaling pathways (p < 0.05).



Statistical analysis

The results were shown as the mean ± standard error (mean ± S). Data were determined by one-way analysis of variance (one-way ANOVA) and Kruskal-Wallis H rank sum test. A value of p less than 0.01 was considered statistically significant. IBM SPSS Statistics 23 was applied.





Results


Chemical composition analysis of main active ingredients in donkey milk

Table 2 presents the experimental data on the main active components content. As shown in Table 2, the content of mineral was the highest, followed by the amino acids and fatty acids. Of the 16 amino acids identified, the most abundant were glutamic acid (Glu), Aspartic acid (Asp), leucine (Leu), lysine (Lys), valine (Val), and Arginine (Arg), which accounted for over 66% of the total amino acids (Figure 1A). The results showed that 28 kinds of fatty acids were detected in DM (Figure 1B). The content of fatty acids in DM powder was 4.5%. The content of saturated fatty acids and unsaturated fatty acids was 2.16 and 2.34%, respectively (1.12% for unsaturated fatty acids and 1.22% for polyunsaturated fatty acids). The content of unsaturated fatty acids of DM, including myristoleic (C14:1), palmitoleic (C16:1), trans-elaidic (C18:1n9t), oleic (C18:1n9c), linoleic (C18:2-9c,12c), α-linolenic acid (C18:3; ALA), cis 11-eicosenoic acid (C20:1n11c), all cis-11,14-eicosadienoic acid (C20:2–11,14c), all cis-8,11,14-eicosatrienoic acid (C20:3–8,11,14c), all cis-5,8,11,14-eicosateraenoic acid (C20:4–5,8,11,14c; ARA), all cis-13,16-docosadienoic acid (C22:2–13,16c), nervonic (C24:1).



TABLE 2 The main contents of DM.
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FIGURE 1
 Main Active Ingredients in DM. (A) Main amino acids. (B) Main fatty acid.


The determination of other chemical components of DM was provided in the section Supplementary Results.



Evaluation of whitening activities of donkey milk in vitro


The cytotoxicity of donkey milk in B16 cells

The cytotoxic effects of DM were evaluated by CCK-8 assay and light microscopic observation (Figures 2A,B). At DM concentrations of 25 mg/ml, light microscopy revealed significant toxicity as cells became round shaped and uniformly detached from the surface. CCK-8 assay demonstrated that the difference between 25 mg/ml DM and control group was statistically significant (P<0.01). Overall, a safe concentration of DM of under 10 mg/ml was used for the next stage of the experiment.

[image: Figure 2]

FIGURE 2
 Whitening efficacy in vitro. (A) Light microscope image. (B) Effects of DM on B16 cell viability. (C) Effects of DM on melanin synthesis in B16 cells. (D) Effects of DM on TYR activity in B16 cells. (E) Effects of DM on expression of Mitf, Dct, Tyr, and Tyrp1 in B16 cells. The asterisk (**) indicated a significant difference (p < 0.01) compared to the control of (B). The asterisk (**) indicated a significant difference (p < 0.01) compared to the 100 nM ɑ-MSH of (C–E).




Effect of donkey milk on melanin content in B16 cells

To explore the effect of DM, an experiment in vitro was applied to check whether DM activated or inhibited melanogenesis in cells that turn related-genes and proteins on and off. Treatment with various dosages of DM (0.1, 1, 10 mg/ml) showed inhibitory effect on melanogenesis in a dose-dependent manner in the B16 cells. The melanin content was 90.36% at 0.1 mg/ml, 68.67% at 1 mg/ml, and 52.81% at 10 mg/ml compared with the level of the 100 nM α-MSH group (Figure 2C). Meanwhile, B16 cells were treated with 1 mM VC as a positive standard (Figure 2C). The results indicated that DM had a potent inhibitory effect on melanin synthesis in B16 cells.



Effect of donkey milk on tyrosinase activity in B16 cells

As presented in Figure 2D, DM inhibited the TYR activity notably in a dose-dependent manner, by 81.78, 72.12, and 56.57% compared with 100 nM α-MSH at concentrations of 0.1, 1, and 10 mg/ml, respectively. Meanwhile, the TYR activity was decreased to 71.02% after the cells were exposed to 1 mM VC.



Effect of donkey milk on the expression of melanogenesis-related genes in B16 cells

As shown in Figure 2E, inhibition of Tyr, Trp1, Dct (Trp2), and Mitf expression with 1 mM VC was observed by 0.95-, 0.88-, 0.17-and 0.48-fold of 100 nM α-MSH, respectively. The inhibitory effects of DM (0.1,1, 1 mg/ml) on mRNA expression of Mitf were equivalent to the effects of 1 mM VC, which served as a well-known effective melanogenesis inhibitor, while the effects of 10 mg/ml DM was superior to that of 1 mM VC (P<0.01). DM (0.1, 1, 1 mg/mL) inhibited mRNA expression of Dct in a dose-dependent manner. In addition, the inhibitory effects of 0.1 mg/ml DM on TYR and TRP1 were inferior to the effects of 1 mM VC, while DM (1 and 10 mg/ml) on TYR and TRP1 was superior to the effects of 1 mM VC (P<0.01), further indicating that DM has a potential whitening effect.




Effects of donkey milk on UVB-induced skin barrier damage


The protective effect on UVB-induced damage of donkey milk in mouse

After UVB irradiation, mice were topically treated with DM for 7 days. Figures 3A–F showed histological results of mouse skin exposed to UV and then treated with DM. After staining by hematoxylin and eosin (H&E), the control group demonstrated normal cutaneous histology which had the integrated epidermal structure and basement membrane zone without inflammatory cell infiltration. When exposed to UVB only, there was a significant acanthosis with liquefaction degeneration in basal cells, consistent with the exfoliation of epidermal and stratum corneum, severe inflammatory cells infiltration could be observed both in derma and epidermis. Hyperplasia of the spinosum and strata granulosum was illustrated as the histological alterations in UVB-irradiated skin. Compared to control group, there were significant differences when treated with DM from H&E photomicrographs. Considerable hyperplastic epidermis alterations were observed by after UVB radiation, and an increased thickness of epidermis in DM groups were observed, suggesting that DM provided a protective effect after UVB exposure via enhancing the structure of keratinocytes and the epidermal thickness. Compared to the group of hydrocortisone, the DM group showed less irritation.
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FIGURE 3
 Effects of DM on UVB-induced skin barrier damage. The protective effect of DM in mouse through HE staining. (A) Control group. (B) UVB group. (C) Hydroquinone group. (D) 0.5 mg/mL DM group. (E) 1 mg/mL DM group. (F) Epidermal thickness. (G) Effects of DM on HaCaT cell viability after UVB exposure. (H) Effects of DM on expression of FLG in HaCaT cells. The asterisk (** and ***) indicated a significant difference (p < 0.01 and p < 0.001), the symbol (ns) indicated no significant difference.




Effect of donkey milk on cell viability after UVB irradiation in HaCaT cells

After UVB (20 mJ/cm2) exposure, cell survival rate of HaCaT cells gradually declined to 36.2% after 24 h (Figure 3G). A concentration-dependent protective effect was indicated via analysis of cells survival while treated with DM. In comparison with control group (without UVB exposure), the amount of HaCaT cells after exposed to UVB was declined to exactly 73.1, 49.6 and 35.7%, after treated to DM for 1, 0.5 and 0.1 mg/ml, respectively. And the cell viability of UVB-exposed group without DM was only 36.2%. Compared to UVB group, the DM (0.1 mg/ml) group indicated no significant difference (p > 0.05). The results for viability of HaCaT cells after UVB exposure indicated that DM could play an important role in protecting keratinocytes against UVB injury.



Effect of donkey milk on the expression of filaggrin after UVB irradiation in HaCaT cells

After exposure to UVB (20 mJ/cm2), HaCaT cells were incubated with 0, 0.1, 0.5 and 1 mg/ml DM for 24 h, then cells were collected. Filaggrin (FLG) expression, one of the key structural components of the epidermal barrier, was detected through Western blot. It illustrated that UVB irradiation led to down-regulation in FLG expression compared to untreated cells (p < 0.05, Figure 3H). Usage of DM (0.5 and 1 mg/ml) up-regulated the FLG expression vs. UVB group (p < 0.05). These results indicated DM inhibited UVB-induced injury and restored skin barrier function via up-regulating the expression of FLG.




Network pharmacology analysis


Donkey milk—target (ingredient) -melanin related targets network

To explore the relationship between DM and the effect of lightening pigmentations, a DM-target (ingredient)—melanin-related targets pharmacological network was used. A molecular target network was developed and validated to predict the melanogenesis regulators related to 64 melanin targets. Among the constructed and visualized target prediction database, 64 DM-related targets were observed, including TYR, TRP1, DCT (TRP2), and MITF which confirmed a high correlation with melanogenesis. There were several dozens of other proteins seemingly unrelated such as fatty acid synthetase (FAS), catalase (CAT), KIT Proto-Oncogene, Receptor Tyrosine Kinase (KIT), and Lactoperoxidase (LPO). However, using Cytoscape to construct PPI network and component-target interaction network, we found that 53 PPI-related targets were mapped after 11 protein factors were excluded (Figure 4A). According to PPI enrichment p < 1.0e-16, three of the most interacting nodes were TYR, TRP1, DCT (TRP2), while MITF, FAS, CAT, KIT, LPO and killer cell immunoglobulin (Ig) like receptor, KIR3DL1 were the most potent factors. In accordance with the effect, the targets ranged from strong to weak. Component-target interaction network showed that 2 major categories of related active ingredients interacted with 53 gene targets. KEGG analysis was applied to enrich the related signaling pathways (p < 0.05), melanogenesis, cell adhesion molecules (CAMs), TNF signaling pathway, pathways in cancer tyrosine metabolism, gap junction, MAPK pathway, steroid biosynthesis, and cytokine-cytokine receptor interaction were dominant (Figure 4B).
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FIGURE 4
 Network pharmacology analysis. (A) Components-melanin related targets interaction network. (B) Top 9 KEGG enrichment in DM components-melanin network pharmacology. (C) Components-skin barrier related targets interaction network. (D) Top 20 KEGG enrichment in DM components-skin barrier network pharmacology.


To investigate the protective mechanism of DM on skin recovery after UVB exposure, a DM-target (ingredient)-UVB related targets pharmacological network was used. The potential targets data of DM were obtained from GeneCards. The potential targets data of UVB injury were obtained from mRNA sequencing of HaCaT cells after 20 mJ/cm2 UVB exposure. There were 72 potential targets (score > 50) related to the protective effect of DM. The top 10 of them were APOA1, HADHA, HGF, LDLR, NPC1, F2, APOA2, APOB, IL10, APOE, which were related to lipid metabolism and inflammatory reaction. Ingredient-target gene interactions’ network diagrams were plotted to employ Cytoscape (Figure 4C). As shown above, DM was rich in cholesterols, fatty acids, vitamins, minerals and amino acids. Component-target interaction network showed that 4 major categories of related active ingredients interacted with 72 gene targets, which were cholesterols, fatty acids, amino acids, and vitamins, respectively (Figure 4C). KEGG analysis was utilized to enrich the relevant signal pathways (p < 0.05), and the signal pathway analysis indicated that the protective effects of DM compound against UVB-induced changes might aim at the metabolic pathway, PPAR pathway, fatty acid metabolism, and steroid biosynthesis (Figure 4D). These signal pathways were associated with cell proliferation and metabolism.





Discussion

Exposure to UVB has psychological and physical benefits, especially in the synthesis of vitamin D3 and the prevention of diseases like osteoporosis (27). However, UVB is responsible for photocarcinogenesis and sunburn response (28). Recent investigations have disclosed UVB-induced skin injury’s pathology, like sunburn, photoaging, and skin cancer utilizing cells, animals, and human studies (4, 29, 30). Previous studies also have shown that UVB affected epidermal morphology, disrupted the skin barrier, increased transepidermal water loss, and decreased stratum corneum hydration (31). Initially, melanin pigmentation plays a dual role in skin:it is suggested to render photoprotection from the DNA-damaging effects of UV (32, 33) while leading to acquired hyperpigmentation disorders such as melasma (34, 35). In this context, consumers have an increasing requirement for quality natural cosmetic material. In this study, we found that DM protected against sunburn and tanning. Milk has been used to treat skin wounds for thousands of years (36, 37). In the past few years, researchers’ attention has been attracted to milk products due to several bioactive components’ plenteous presence (21). In this study, HPLC was employed to evaluate the composition of DM. A network pharmacology method was used to find out the potential mechanism and active compounds in DM for restoring skin barrier and pigmentation UVB-induced detriment.

By network prediction, we could find that DM was closely related to melanin metabolism. HPLC analysis revealed that DM is rich in cholesterol, fatty acids, vitamins and amino acids.DM is rich in leucine, lysine, glutamic, isoleucine, threonine, tyrosine, serine, and valine. It has been reported that alanine, glycine, phenylalanine, and aspartic acid were shown to have different effects against melanin contents and TYR activity in B16 melanoma cells according to their chemical structures or their combinations (38). Another study showed glycine hydroxamate downregulated melanin synthesis and TYR activity through activating cAMP/ PKA pathways (39). As a tripeptide component, glutathione serves long as an intravenous anti-pigmentation product by inhibiting TYR activity (40). Moreover, nicotinic acid hydroxamate inhibited the TYR activity and melanogenesis by downregulating the MEK/ ERK and AKT/ GSK3β pathways (41). Besides, the effect of cholesterol, fatty acids, and microelement in DM on lightening pigmentation has been controversial. Some reports demonstrated that fatty acids are able to regulate the post-Golgi proteasomal degradation in ubiquitinated TYR (42). Briefly, linoleic acid and docosahexaenoic acid (DHA) decrease melanin levels, while palmitic acid (PA) increases melanin levels (43). In addition, trace elements such as calcium (Ca), magnesium (Mg), copper (Cu) and zinc (Zn) are a kind of important nutrients, which participate in the body’s metabolism as the components or activators of enzymes and receptors (44). Additionally, TYR with copper binding is the rate-limiting enzyme in melanin biosynthesis and first catalyzes hydroxylation (45). In the present study, a molecular target network was developed and validated to predict the melanogenesis regulators related to 64 melanin targets. DM was evaluated for TYR activity and melanogenesis in vitro with experimental validation. Thus, DM was considered to have the potential skin-whitening effect and may be supposed to develop as a safe potentially depigmented agent.

By network prediction, we could find that the nutritious ingredients of DM are the indispensable base of skin barrier reconstruction and keratinocytes survival from UVB exposure. The lipid fraction of DM consists of several nutritional significant components, such as phospholipids and polyunsaturated fatty acids. DM lipids’ importance in skin structure and skin barrier function has been revealed by continued research. Researchers fed hairless mice with milk phospholipids, and discovered mice supplemented with more phospholipids showed higher concentrations of covalently-bound ω-hydroxy ceramides and an improved skin barrier function due to skin inflammation’s suppression (19). Our results revealed that the efficiency of DM is dependent on the concentration, and the potential target genes are APOA1, HADHA, HGF, LDLR, NPC1, F2, APOA2, APOB, IL10, and APOE. Apolipoprotein A-II is the second most plenteous protein in high-density lipoprotein particles, and it is related to lipid metabolism (45). HADHA is related to mitochondrial function and phospholipid metabolism and HADHA’s loss leads to long-chain fatty acid accumulation (46). In summary, APOA1, APOA2, APOB, APOE, HADHA, and LDLR are genes related to lipid metabolism, which is important for keratinocytes proliferation and stratum corneum lipids formation. The significant beneficial effect of DM on sunburn can be explained. Furthermore, we observed that DM can reduce UVB-induced injury by increasing HaCaT cells’ survival. In addition, DM can restore the skin barrier function by increasing the expression of FLG in keratinocytes and epidermal thickness of C57BL/6 mouse skin after UVB exposure. Changes in epidermal structural proteins like FLG are frequently related to damage to cutaneous barrier function. FLG play a fundamental part in skin barrier function, and gene mutations of FLG are usually associated with the deterioration of atopic dermatitis and ichthyosis vulgaris (47, 48).Excessive exposure to sunlight can diminish epidermal FLG and result in an acquired filaggrin insufficiency (49), which is consistent with our results.



Conclusion

In this study, we suggested that DM help the skin restore after UVB exposure. We conducted in vitro tests to reveal that DM was protected against sunburn and tanning. The whitening effect was mainly reflected in the good inhibitory effect of DM on synthesis of melanin, tyrosinase activity, and related gene expression. DM could not only prevent UVB-induced adverse effects but also restore skin barrier function by increasing FLG’s expression and regulating metabolism procedures such as lipid and steroid metabolism. Hence, DM is desirable for skin care cosmetics against UVB-induced skin barrier damage and melanin pigmentation.
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Tilapia (Oreochromis niloticus) is a freshwater fish which is farmed worldwide. Improving the muscle quality of fish has become a major goal while maintaining a sustainable aquaculture system. This research attempts to assess the effect of 0% (FB0), 40%(FB40), 50%(FB50), 60%(FB60) and 70% (FB70) faba bean on the texture parameter, histological analysis, proximate, amino acids, and fatty acids composition in tilapia fed 90 days. The results showed that hardness, chewiness, and shear force of tilapia muscle fed FB60, and FB70 were considerably more in comparison to fish fed FB0 at 90 days (p < 0.05). Tilapia fed faba beans had higher muscle fiber density, wider spaces between muscle fibers and smaller fiber diameter, with the greatest difference in tilapia fed FB60. The total protein content in tilapia fed FB40 was considerably more in comparison to in fish fed FB70 (p < 0.05), where the total protein content in muscle first increased and then reduced with increasing dietary faba bean level. The muscle ∑TAA, ∑EAA, valine, tyrosine, cysteine, aspartic acid, methionine, isoleucine, glutamic acid, leucine, arginine, and serine, contents in tilapia fed FB60 were much more in contrast to in fish fed FB0 (p < 0.05), which initially increased and then reduced with increasing dietary faba bean level. The muscle ∑PUFA content in tilapia fed dietary faba beans was greater compared with fish fed FB0, whereas the ∑SFA contents in tilapia fed FB50 and FB60 were lower in contrast to in fish fed FB0. In summary, dietary faba beans can improve muscle texture, muscle fibers, amino acids content and fatty acids content in tilapia. The research’s results make a contribution to the improved knowledge of the association among muscle quality in tilapia and dietary faba beans.

KEYWORDS
 faba bean, texture, muscle fiber, amino acid, fatty acid, Oreochromis niloticus


1. Introduction

Tilapia (Oreochromis niloticus) is the second most common farmed fin fish group all over the world after carp (1), and its worldwide aquaculture production increased from 2.6 M tons in 2010 to 6.9 M tons in 2020 (2). This production is due to its excellent characteristics, such as rapid growth, high reproduction, resistance to high stocking densities, and high marketability (1, 3). Fish welfare may be impacted owing to increased stress brought on by growing production under intensive culture conditions, which will also have an impact on fish quality (4). The muscle is the most interesting part of the fish body in terms of aquaculture products. Therefore, to improve muscle quality, more sustainable aquaculture needs to be formed, necessitating better technology and management (5).

The term “fish muscle quality” refers to a group of qualities including freshness, texture, wholesomeness, nutritional content, and integrity. The sensory interpretation and representation of a product’s structure or inner construction, as well as its haptic qualities and reaction to stress, are all related to its texture (6). An essential aspect of fish muscle’s freshness is its texture, which is influenced by a number of factors including its cohesiveness, hardness, chewiness, springiness, adhesiveness, and resilience (7). Along the fish value chain, textural criteria are widely used to measure fish quality, which primarily entails consideration of how processing as well as handling techniques affect fish products’ shelf life as well as consumer preferences and satisfaction (7). Moreover, the quality of muscle is significantly impacted by composition and nutritional value (8). The fatty acid, protein, and amino acid content of fish represents its primary nutritional value (9). The precursors of a number of flavors are amino acids, which could alter the taste indirectly through the Maillard reaction, especially odor and flavor compounds. Through the process of oxidation, which also forms volatile molecules, lipids have a vital part in the cooked flesh of fish. Hence, the aquaculture industry’s main problem is how to produce high-quality cultured fish.

Both internal and external elements, such as culture environment (5, 8), food nutrition (10, 11), and genetics (12) have an impact on the quality of fish muscle. Fish flesh quality can be improved through nutrient control, which has been shown to be beneficial (13). Fish muscle quality improvement defined as higher muscle hardness and crispiness by feeding faba bean (Vicia faba L.), has gained increasing research interest (14–17). Crisped fish is very popular in China and other countries due to its special flesh quality. A previous study reported that the chewiness, flesh hardness, adhesiveness, and elasticity of grass carp (Ctenopharyngodon idella) were significantly increased by feeding the fish faba beans (18). Faba bean supplementation obviously influenced muscle fatty acid composition in the grass carp (19). Therefore, faba beans may be an effective measure for improving fish muscle quality. Understanding the impact of faba beans on skeletal muscle quality is important for optimizing feed used for high-quality tilapia production.

This study aims to assess the impact of various dietary proportions of faba beans on the muscle texture, muscle histology, and nutritional composition of tilapia. The results will contribute to an understanding of the muscle quality affecting the tilapia crisping process.



2. Materials and methods


2.1. Experimental tilapias and diets

A 90-day rearing trial was conducted at the Laboratory of Aquaculture situated at Zhongkai University of Agriculture and Engineering. Faba bean was added to the diets at 0% (FB0, the control group) and 40% (FB40), 50% (FB50), 60% (FB60), and 70% (FB70) as shown in Table 1. When the faba beans content was increased in the diets, the soybean, rapeseed, wheat flour, and soybean oil contents were progressively decreased to maintain the crude protein (31.73% ~ 32.76%) and lipid content (7.52% ~ 7.60%). The dry ingredients of experimental diets were mixed, and oil and water (25% v/w) were added to the dry mixture to form a soft dough, then the mixed dough was extruded and air-dried.



TABLE 1 Ingredients and proximate composition of experimental diets (%, air dry basis).
[image: Table1]

The 300 tilapias (average initial body weight: 463.86 ± 16.51 g) were randomly and evenly assigned to the above five experimental diets, and triplicate for each experimental diet. The fish were cultured in 15 PVC tank (Φ108 × H120 cm) indoor circulating systems with a density of 20 tilapia/tank. A temperature of 28°C-29°C, dissolved oxygen ≥5 mg/l, pH 7.5, a light intensity of 100 lx and a photoperiod of 14 h in lightness and 10 h in darkness were maintained. The daily feeding amount were given ratios of around 3% of total fish biomass twice a day at 9:00 and 16:00, adjusted in accordance with satiation and residual feed.



2.2. Sample collection

Tilapia was monitored monthly until harvested at 90 days. The survival rate of tilapia in all groups has no significant difference and were greater than 90%. Every 30 days, three tilapias were randomly obtained from each tank. At each sampling point, the fish fasted for 24 h. Fish that were chosen at random were anesthetized rapidly in a 10 l plastic bucket with 20 mg/l clove oil (20). Each tilapia’s body weight was measured employing a digital balance and recorded to the nearest 0.01 g. Tilapias were sacrificed by decapitation, peeled and dissected employing sterile scissors from the anus to the throat on ice, followed by removal of visceral mass. The 3 cm × 3 cm × 5 cm muscle samples were isolated for filet texture profile analysis (TPA), and the muscle filet (0.5 cm × 0.5 cm × 0.5 cm) at the junction of the fourth dorsal fin and lateral line scales was sampled with the aid of a scalpel blade, washed in phosphate-buffered saline (PBS) and fixed in 2.5 percent glutaraldehyde for 2 h at room temperature, and then transferred to 4°C for preservation and transportation for transmission electron microscopy (TEM). The remaining muscle samples were swiftly separated, immediately frozen in liquid nitrogen, and then immediately kept at −80°C. Three muscle samples per group at days were dried used a vacuum freeze-dryer, ground to a fine powder with a mortar and pestle, then stored at −80°C until the proximate, fatty acid, and amino acid composition were determined.



2.3. Texture profile analysis

Texture profile analysis (TPA) of raw tilapia filets was carried out as explained by (21) with certain modifications. Three sampling points for TPA with a volume of 1 cm3 in duplicate were chosen between the dorsal fin and tail above the lateral line. TPA was carried out utilizing a texture analyzer (TA-X plus, Stable Micro Systems, United Kingdom) fitted out an 8 mm cylinder probe. The muscle textural parameters (chewiness, firmness, resilience, springiness, shear force, and cohesiveness) were determined. At an initial force of 0.1 N and a constant speed of 30 mm/min, two sequent compression cycles were conducted to make sure that the original length of the muscle sample reached 60% deformation.



2.4. Transmission electron microscopy

The tissue blocks were washed with 0.1 M PB (pH 7.4) three times, for a total of 15 min, after the samples were sliced into 1 mm × 1 mm × 2 mm pieces. The tissue blocks were then placed for one to 2 h at room temperature in 1 percent OsO4 in 0.1 M PB (pH 7.4). The tissue blocks were then washed three times in 0.1 M PB (pH 7.4) for 15 min each, followed by 20 min in 30 percent ethanol, 20 min in 50 percent ethanol, 20 min in 70 percent ethanol, 20 min in 80 percent ethanol, and 20 min in 95 percent ethanol. Two washes with 100 percent ethanol for 20 min each were then performed, and then isoamyl acetate for 15 min. The following actions were then taken: Acetone:EMBed 812 = 1:1 for 2–4 h at 37°C; Acetone:EMBed 812 = 1:2 overnight at 37°C; pure EMBed 812 for 5–8 h at 37°C; The pure EMBed 812 was poured into the embedding models and the tissues inserted into the pure EMBed 812, and then left in an oven at 37°C overnight. The embedding models with resin and samples were placed in an oven at 65°C to polymerize for over 48 h. After being taken out of the embedding models, the resin blocks were set aside to cool. The resin blocks were cut into 60–80 nm sections utilizing an ultra-microtome, and the tissues were placed onto 150 mesh cuprum grids with formvar film. 2 percent uranium acetate saturated alcohol solution avoid light staining for 8 min, rinsed in 70 percent ethanol 3 times and then rinsed in ultra-pure water 3 times. 2.6 percent lead citrate avoids CO2 staining for 8 min, followed by rinsing with ultra-pure water 3 times. The cuprum grids were placed in the grids board and allowed to dry overnight at room temperature after being dried with filter paper. The cuprum grids were observed under TEM (Hitachi, HT7800) and the images were recorded.



2.5. Proximate composition analysis

The fish muscle samples in each treatment group at 90 days was analyzed for moisture content (drying samples in a 105°C oven until constant weight), total lipid content (extracted with chloroform: methanol (2:1, v/v)), and total protein content (Kjeldahl method, utilizing 6.25 N as a protein conversion factor) in accordance with the technique of AOAC (22).



2.6. Amino acid analysis

Each muscle sample (about 0.2 g dry weight) was placed in a 10 ml hydrolysis tube. 10 ml of 6.0 M HCl solution was then added. The samples were left at −20°C for 5 min, filled with nitrogen and sealed, then hydrolyzed in a 110°C drying box for 22 h. The samples were transferred into hydrolysis solution in a 50 ml volumetric flask, rinsed with deionized water several times and the washing solution was pooled. After hydrolysis, 2 ml of the hydrolysate was taken out and evaporated at 60°C under vacuum to dryness in order to eliminate the HCl. In 5 ml of 0.02 N HCl, the hydrolysate was dissolved before being centrifuged used 2,237 x g, and then filtered through a 0.45 μm syringe filter. 1 μl of supernatant was employed for amino acid analysis, by means of pre-column orthophthalaldehyde and the 9-formic acid methyl ester of fluorine chlorine derivatization. The tryptophan content was analyzed separately, and pre-weighted samples were hydrolyzed at 5 M NaOH (containing 5% SnCl2, w/v) in 110°C for 20 h. The hydrolysate was neutralized with 6 M HCl following hydrolysis, centrifuged used 2,659 x g, and filtered through syringe filter. The retention periods and peak areas of standard amino acids (AAS18-5ML, DCH (Shanghai) Co., Ltd. Shanghai, China) were compared to the identity and quantity of the amino acids. The amino acid contents of muscle were expressed as individual amino acids in gram per 100 grams of dry muscle (g/100 g dry weight).



2.7. Fatty acid analysis

According to Morrison and Smith (23) approach, fatty acid methyl esters (FAME) were created by transesterification with boiling 15% borontrifluoride/methanol (w/w). After injecting the sample into a Thermo trace 1,310 gas chromatograph equipped with an Agilent CP-sil88 fused silica capillary column (length 100.0 m, inner diameter 0.25 mm, film thickness 0.2 μm), the fatty acid content was analytically confirmed utilizing flame ionization detection (FID). The temperature of the injector and detector was maintained at 270°C. The column temperature was first set at 100°C for 13 min, 10°C/min to 180°C for 6 min, 1°C/min to 200°C for 20 min, and 2°C/min to 220°C for 6 min until all FAME were eluted. Helium was employed as the carrier gas, and the flow velocity was 40 ml/min. Individual fatty acids were quantified by making reference to the internal standard, and FAME in the sample was recognized by comparing retention durations with known standards. Fatty acid contents of muscle were expressed as individual fatty acids in milligrams per gram dry muscle (mg/g dry weight).



2.8. Statistical analysis

The mean ± standard error (SE) of the data was computed utilizing SPSS software (version 20.0). Duncan’s multiple-range test and one-way analysis of variance (ANOVA) were employed for checking for the considerable disparity between the treatment groups at the same time points. The linear and quadratic effects of increasing the dietary faba bean level were performed through orthogonal polynomial contrast at the same time points. Differences of p < 0.05 were deemed statistically significant.




3. Results


3.1. Texture parameters

The influence of various dietary faba bean levels on the texture parameters were presented in Table 2. The hardness of tilapia muscle fed FB40, FB50, FB60 and FB70 was considerably greater in comparison to that in fish fed FB0 at 30 days (p < 0.05), however, no substantial disparity exists in hardness between fish fed FB40, FB50, FB60, and FB70. The hardness of tilapia muscle fed FB60 and FB70 was substantially higher than that in fish fed FB0 at 60 days and 90 days (p < 0.05), however, no substantial disparity exists in hardness between fish fed FB0, FB40 and FB50. The chewiness of tilapia fed FB60 and FB70 was substantially higher than that in fish fed FB0 at 60 and 90 days (p < 0.05), however, no substantial disparity exists hardness between fish fed FB50, FB60, and FB70. The shear force of tilapia fed FB60 and FB70 was considerably greater in comparison to that in fish fed FB0 at 90 days (p < 0.05), but there was no substantially disparity at 30 and 60 days. No substantial impact of dietary faba beans exists on the springiness, cohesiveness, and resilience of tilapia.



TABLE 2 Effects of dietary broad bean levels on texture profile analysis in muscle of tilapia Oreochromis niloticus.
[image: Table2]



3.2. Myofibrillar microstructure

The muscle TEM images of tilapia fed dietary faba bean were shown in Figure 1. The muscle fiber diameter significantly decreased with dietary faba bean in contrast to the control group, while muscle fiber density enhanced substantially with dietary faba bean, especially in fish fed FB60 and FB70. Wider intermyofibrillar spaces were also seen in muscle samples of fish fed faba beans comapred to the control group.

[image: Figure 1]

FIGURE 1
 Effects of dietary faba bean levels on muscle transverse section microstructure by transmission electron microscope of tilapia Oreochromis niloticus. (A), Control group on 30 day (D); (B), 40% faba bean group on 30 d; (C), 50% faba bean group on 30 d; (D), 60% faba bean group on 30 d; (E), 70% faba bean group on 30 d; (F), control group on 60 d; (G), 40% faba bean group on 60 d; (H), 50% faba bean group on 60 d; (I), 60% faba bean group on 60 d; (J), 70% faba bean group on 60 d; (K), control group on 90 d; (L), 40% faba bean group on 90 d; (M), 50% faba bean group on 90 d; (N), 60% faba bean group on 90 d; (O), 70% faba bean group on 90 d. mf, muscle fiber; mmf, matrix between muscle fibers.




3.3. Proximate composition

The total protein content in tilapia fed FB40 was considerably greater in comparison to that in fish fed FB70 (p < 0.05), however, no substantial disparity exists in total protein content between fish fed FB50, FB60, and FB70. The total lipid content in tilapia fed FB40 was substantially less than that in fish fed FB0 (p < 0.05), however, there was no substantial disparity in total lipid content between fish fed FB40, FB50, FB60, and FB70. No considerable impact of dietary faba beans exists on the moisture of tilapia (Table 3). The total protein content in muscle initially enhanced followed by reduction with enhancing dietary faba bean level, while the total lipid content indicated the opposite trend.



TABLE 3 Effects of dietary faba bean levels on proximate composition (% dry weight) in muscle of tilapia Oreochromis niloticus.
[image: Table3]



3.4. Amino acid composition

The muscle ∑TAA content in tilapia fed FB60 was considerably greater in comparison to that in fish fed FB0 (p < 0.05), however, no considerable disparity exists in ∑TAA content between fish fed FB40, FB50, FB60, and FB70. The muscle ∑EAA content in tilapia fed FB60 was considerably greater in comparison to that in fish fed FB0 and FB70 (p < 0.05), however, no substantial disparity exists in hardness between fish fed FB40, FB50, and FB60. The ∑TAA and ∑EAA contents in tilapia first increased followed by reduction with increasing dietary faba bean level. Regarding valine, essential amino acids, methionine, cysteine, arginine, isoleucine, and leucine contents in tilapia fed FB60 were considerably higher in comparison to those in fish fed FB0 (p < 0.05), which first increased followed by reducing with increasing dietary faba bean level. Regarding aspartic acid, non-essential amino acids, serine, and tyrosine contents, and glutamic acid in tilapia fed FB60 were considerably higher in comparison to those in fish fed FB0 (p < 0.05), while no substantial impact of dietary faba beans exists on glycine, alanine, and proline contents in tilapia (Table 4).



TABLE 4 Effects of dietary faba bean levels on amino acid composition (g/100 g dry weight) in muscle of tilapia Oreochromis niloticus.
[image: Table4]



3.5. Fatty acid composition

The impact of different dietary faba bean levels on the fatty acid contents were presented in Table 5. The muscle ∑SFA and ∑MUFA contents in tilapia fed dietary faba bean (FB40, FB50, FB60, and FB70) were slightly less than those in fish fed FB0, however, not significantly different. The C14:0 and C24:0 contents in fish fed FB40 were considerably lower in contrast to in fish fed FB0 (p < 0.05). The ∑MUFA content in muscle was generally not much impacted by dietary faba bean level, except that C16:1 and C18:1n9t decreased with increased dietary faba bean level. The ∑PUFA contents in tilapia fed FB50 and FB60 were slightly more in contrast to those in fish fed FB0, but not substantially different.



TABLE 5 Effects of dietary broad bean levels on fatty acid composition (mg/g dry weight) in muscle of tilapia Oreochromis niloticus.
[image: Table5]




4. Discussion

Nutritional content, texture, and appearance are the crucial quality factors that must be determined in fish muscle. The “crisp taste” is the distinctive characteristic of crisp fish, and certain investigations have found indices reflecting this trait (17). Textural parameters (chewiness, hardness, and springiness) have been linked to the “crisp taste” (18, 24, 25). The mechanical processing of filets and acceptance are both impacted by texture, a crucial quality attribute. Textural features, hardness especially, are linked to the intrinsic structure as well as the properties of components of the flesh and are closely related to the human fish products’ visible acceptance (7). The hardness of tilapia fed FB60 and FB70 was considerably higher in contrast to that in fish fed FB0. The increased hardness of muscle because of feeding on faba bean has likewise been mentioned in European seabass (Dicentrarchus labrax) (26), Yellow River carp (Cyprinus carpio haematopterus) (27), and grass carp (19). When assessing the quality characteristics of a muscle, the shear force is a crucial measure. At 90 days, tilapia fed FB60 and FB70 had shear forces that were noticeably higher than fish fed FB0. Enhanced dietary faba bean levels significantly increased muscle shear force, which is consistent with earlier research on grass carp that found that a partial substitution from soybean to faba beans had an impact on muscle shear force (19). The faba bean contain a variety of anti-nutritional factors such as total phenolics, tannins, and trypsin inhibitor activity. The tilapia muscle texture changes after dietary faba beans might be because of anti-nutritional factors in faba bean.

While the microstructure and structure concentrate on minor alterations in internal features and offer increasing data and further interpret the textural modifications caused by external settings, the textural properties typically focus more on physical information about the fish freshness (6). Fish muscle texture is closely related to myofibrillar structure that is much impacted by rearing situations (7). The current research pointed out that dietary faba bean not only significantly increased hardness, but also significantly reduced muscle fiber diameter and increased muscle density in tilapia. Some studies have also highlighted that textural features have a substantial favorable association with the muscle fiber density (28, 29). Both connections between the density of muscle fibers and muscle hardness showed a clear positive correlation (13, 30). Tilapia muscle fiber density rose at appropriate levels of dietary faba bean, showing that these levels promoted muscle fiber growth and that the rise in density may be linked to hyperplasia.

The muscle’s nutrient composition is a key measure for assessing fish meat quality, and the protein and amino acid contents and type can have an effect on value of nutrients, flavor and function of the fish muscle (9). In this study, the muscle ∑TAA content in tilapia fed FB60 was significantly higher than that of fed FB0, which may be the faba beans seeds are rich in protein and amino levels. When the hydrophobicity or acidity of the R group of the side chain of the amino acid is low, it exhibits an umami taste, whereas when the hydrophobicity is high, it exhibits a bitter taste. In the present study, the leucine and arginine contents in tilapia fed 60% faba bean were considerably higher in contrast to the control group, which may be the reason why faba bean transformed the amino acid content structure. Faba bean, with their higher levels of arginine, would supplement some of the ∑EAA compounds, thereby achieving a more balanced and desirable amino acid profile (31). Prior investigations have claimed that the activity and release of a number of hormones is stimulated by arginine, such as insulin-like growth factor (IGF)-1 and insulin, which stimulate growth, and protein metabolism (32), and leucine has been documented to stimulate postprandial free amino acid synthesis and IGF-1 signaling. The amino acid content was increased in fish fed faba beans, suggesting that faba beans might enhance the flavor of fish muscle and its nutritional value.

The lipid content in muscle is closely associated with flesh’s nutritional value, tenderness, and flavor (9), and present fatty acids in muscles of fish have an impact on the well-being of human (33). The total lipid content of the tilapia fed faba bean in the current study was lower in comparison to control group. The drop in crude lipid content of fish muscle is typically thought to promote friction among muscle bundles, increase muscle hardness, and lessen muscle sensitivity (34). Previous studies have also reported a reduction in muscle lipid content in rainbow trout (Oncorhynchus mykiss) (34), Yellow River carp (27) and beluga (Huso huso) (35) fed faba bean. This may be attributed to the fact that when some anti-nutritional factors in faba bean goes to a specific level, they influence the process of the transportation of lipids leading to a reduction in fat deposition concentration in the muscle of fish. The species and contents of fatty acids have a significant influence on the nutritional value of lipids. According to the World Health Organization, reducing the amount of saturated fatty acids and rising amount of unsaturated fatty acids in the human diet can improve nutrition and help prevent chronic diseases (36). Tissue fatty acid content of farmed fish has been reported to be greatly to be greatly influenced by dietary nutritional composition. The faba bean are rich fatty acid and have particularly high unsaturated fatty acid levels (31). In the current investigation, the total ∑SFA content reduced and ∑PUFA content enhanced, suggesting that dietary faba bean might enhance the health effects of fish muscle.



5. Conclusion

The outcomes of the current investigation revealed that dietary faba bean increased hardness, shear force and muscle fiber diameter in tilapia. These outcomes indicate that the smaller size of the fiber and increased fiber density played a major role in the better filet texture of tilapia. Faba bean also influenced muscle amino acid composition, lipids, saturated and unsaturated fatty acid contents. The current investigation effectively showed that dietary faba bean levels significantly affected texture, histology, and amino acid composition in tilapia over the 90-days feeding experiment. To better understand how faba beans regulate the quality of the tilapia muscle, more research should be done.
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Test A (Chaff B (Soybean C (Inulin)

number | dietary fiber) hull dietary

fiber)
1 1.00% (—1) 1.00% (—1) 3.34% (0)
2 2.00% (+1) 1.00% (—1) 3.34% (0)
3 1.00% (—1) 2.00% (+1) 3.34% (0)
4 2.00% (+1) 2.00% (+1) 3.34% (0)
5 1.00% (—1) 1.50% (0) 2.50% (—1)
6 2.00% (+1) 1.50% (0) 2.50% (—1)
7 1.00% (—1) 1.50% (0) 4.17% (+1)
8 2.00% (+1) 1.50% (0) 4.17% (+1)
9 1.50% (0) 1.00% (—1) 2.50% (—1)
10 1.50% (0) 2.00% (+1) 2.50% (—1)
11 1.50% (0) 1.00% (—1) 4.17% (+1)
12 1.50% (0) 1.00% (—1) 4.17% (+1)
13 1.50% (0) 1.50% (0) 3.34% (0)
14 1.50% (0) 1.50% (0) 3.34% (0)
15 1.50% (0) 1.50% (0) 3.34% (0)
16 1.50% (0) 1.50% (0) 3.34% (0)
17 1.50% (0) 1.50% (0) 3.34% (0)
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Group a-Helix p-Fold B-Rotation angle Random coil
TO 41.68 + 1.01* 27.83 4 0.404 17.29 + 0.28%¢ 13.20 £ 0.922
T1 3424 £0.73" 39.04 = 0.19" 1851 + 0.6120 8214 0.57¢
T2 3542 4 0.34" 36.90 = 0.47° 17.41 £ 0.58" 10.27 + 0.40°
T3 31.84 + 0.59° 40.49 + 0.46* 16.68 & 0.49¢ 10.98 £ 0.13°
T4 28.31 = 0.544 40.97 £ 0.47° 19.05 4+ 0.71* 11.67 & 1.14%

TO: control group; T1: 6.06% chaff dietary fiber; T2: 6.06% soybean hull dietary fiber; T3: 6.06% inulin; T4: 1.40% chaff dietary fil
letters in the same column indicated significant differences between the samples (P < 0.05).

ber +1.42% soybean hull dietary fiber +3.24% inulin; Different
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OPS/images/fnut-09-1066964/fnut-09-1066964-g001.jpg
1

TVC (log,, CFU/qg)

0.00

8.00

6.00

4.00

2.00

0.00

7.10

7.00

Threshold

2 3 4 5 6

Storage time (day)

—e&— control
—a— SMF

A

| | | 1 |

2 J 4 D 6
Storage time (day)

80.00

78.00

76.00

74.00

-~ 72.00

WHC (%

66.00
64.00
62.00

60.00

9.00

8.00

6.00

5.00

AE

3.00

2.00

1.00

0.00

-1.00

70.00

68.00

—a— control
—e— SMF

4.00

Storage time (day)

—&— control
—&— SMF

0 1 2 3 = 5 6
Storage time (day)





OPS/images/fnut-09-1066964/fnut-09-1066964-g002.jpg
65.00

Total SH content (umol/g prot)
H O, O, ()]
o o o o
o o o o
o o o o

H
o
o
S

35.00

-

control
SMF

2 3 4
Storage time (day)

30.00

25.00

20.00

15.00

10.00

Ca?*-ATPase activity (umol Pi/mg prot/h)

1 1 1

r

i—o— control
—s— SMF

L

2 3 4
Storage time (day)





OPS/images/fnut-09-1034868/fnut-09-1034868-t007.jpg
Classify Volatile compounds T.Z T.N T.Q

Alcohol 1,3-Dioxan-5-ol, 4,4,5-trimethyl- 0.32 £0.02? n.d. n.d.
1-Hexanol n.d. n.d. 1.61 & 0.90*
1-Octen-3-ol 0.86 +0.12° 2.02 + 1.10°° 2.84 + 0.62%
1-Penten-3-ol n.d. 119 £0.25° 0.69 £ 0.29"
2-Hexadecanol 0.25 +0.122 n.d. n.d.
4-Heptanol, 2,6-dimethyl- 0.63 £ 0.20? n.d. n.d.
Phenylethyl Alcohol 5.37 £0.65* nd. n.d.
Subtotal 7.44 £0.912 3.2141.22° 5.14 + 1.43%
Aldehydes 2-Hexenal, (E)- 0.16 & 0.04* 0.18 £ 0.052 0.13 £ 0.012
2-Octenal, (E)- n.d. 2.00 +0.62% n.d.
Butanal, 3-methyl- 0.42 £0.072 n.d. n.d.
Heptanal 0.61 +0.32%> 0.90 £ 0.66* 0.57 + 0.25*
Hexanal 1.37 £0.81° 1.80 & 0.99* 1.70 & 0.70
Nonanal 1.92 4 0.49> 2.78 £1.322 2.80 £ 1.192
Octanal 0.82 + 0.40° 1.26 £ 0.78* 0.79 + 0.45"
Subtotal 530 = 2.06" 892 +4.16" 5.99 4 2.59"
Ketones 2,3-Pentanedione 0.70 4 0.16* 0.47 £ 023 0.26 + 0.20°
2-Heptanone 0.97 + 0.46" 2.39 £0.29° 1.55 £ 0.95%®
2-Hexanone n.d. 0.23 £0.072 0.13 £ 0.092
2-Nonanone 0.61 £ 0.15" 2.89 +0.49* 2.07 +£0.722
2-Pentanone 0.50 = 0.34° 1.35 4 0.44° 0.69 + 0.58"
2-Undecanone 0.37 £0.01¢ 1.57 £0.26 1.19 £0.17°
3,5-Octadien-2-one, (E,E)- 0.78 +0.012 n.d. 0.62 £ 0.07°
3-Octanone n.d. 0.93 £ 0.46* 0.50 +0.21°
3-Pentanone 0.70 £ 0.272 nd. n.d.
5-Hepten-2-one, 6-methyl- 0.42 £0.017 0.46 +0.14* 0.35 + 0.06*
7-Octen-2-one 035 = 0.03" 0.69 + 0.08 0.48 + 0.14°
Subtotal 5.38 + 1.41° 10.98 + 0.28? 7.85 4 2.67%
Hydrocarbons Dodecane 175 +017% 0.41 = 0.06" 0.41 £ 0.02°
Heptadecane 1.25 +0.75% n.d. n.d.
Hexadecane, 2,6,10-trimethyl- n.d. 1.08 £ 0.60% n.d.
Nonane 0.22 = 0.05" 1.35 4+ 0.76 0.36 & 0.14°
Octane n.d. 2.74 £ 1.65° 1.16 £ 0.42°
Pentadecane 2.28 +0.94° 1.29 + 0.40° 524+ 1.74%
Pentadecane, 2,6,10,14-tetramethyl- n.d. n.d. 2.94 + 098
Tetradecane n.d. n.d. 0.71 £+ 0.06*
Tridecane 0.90 + 0.26* 0.63 + 0.13" 0.59 +0.12°
Undecane 0.70 £ 0.23* nd. n.d.
1-Undecene n.d. nd. 1.10 + 0.64*
Benzene, 1-ethyl-3-methyl- n.d. 0.42 +0.072 n.d.
Ethylbenzene 1.38 £0.22° n.d. 1.18 £+ 0.25%
p-Xylene 3.55 4 0.62° 2.36 + 043> 2.60 + 0.64°
Styrene 1.94 £0.51° 118+ 017° 1.97 + 0.76
Subtotal 13.97 4 3.16% 11.46 4 125" 18.26 + 3.90
Aromatic compounds 10-Heptadecen-8-ynoic acid, methyl 0.23 £ 0.02° 042 £0.12° 0.28 4 0.13"
ester, (E)-
Furan, 2-ethyl- n.d. 0.35 +0.07% n.d.
Hexadecanoic acid, ethyl ester 0.20 £ 0.03? 0.24 +0.14* 0.23 + 0.04*
Pyrazine, 2,5-dimethyl- 0.90 £ 0.09? n.d. n.d.
Subtotal 1.32 £ 0.07 1.02 £0.232 0.51 £ 0.16"

2~ “Mean values in the same row (corresponding to the same parameter) not followed by a common letter differ significantly (P < 0.05). T.Z, Zhoushan hairtail; T.N, Hainan hairtail; T.Q,
Qingdao hairtail.
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EAA

Isoleucine

Leucine

Lysine

Methionine + Cystine
Phenylalanine + Tyrosine
Threonine

Valine

EAAI

FAO/WHO
pattern

40.00
70.00
55.00
35.00
60.00
40.00
50.00

Egg protein
pattern

54.00
86.00
70.00
57.00
93.00
47.00
66.00

T.Z, Zhoushan hairtail; T.N, Hainan hairtail; T.Q, Qingdao hairtail.

T.Z

40.80
84.88
72.68
37.28
72.68
35.52
34.78
76.95

T.N

42.82
89.84
78.93
40.55
80.07
38.73
37.45
82.72

T.Q

42.54
87.65
75.52
38.93
76.81
36.71
35.64
79.84

AAS CS
T.Z TN TQ TZ TN T.Q
1.02 1.07 1.06 0.76 0.79 0.79
121 1.28 1.25 0.99 1.04 1.02
1.32 1.44 1.37 1.04 113 1.08
1.07 1.16 111 0.65 0.71 0.68
1.21 1.33 1.28 0.78 0.86 0.83
0.89 0.97 0.92 0.76 0.82 078
0.70 0.75 0.71 053 0.57 0.54
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Parameter T.Z

Macroelement K 2881.55
P 1552.86
Na 679.99
Mg 296.68
Ca 253.41
Microelement Fe 26.36
Zn 3.60
Al 1.96
As 1.93
Sr 1.48
Cr 0.81
Cu 0.35

T.N

3137.22
1633.34
801.19
263.93
296.17
37.63
3.66
1.01
2.64
0.54
0.85
0.32

T.Z, Zhoushan hairtail; T.N, Hainan hairtail; T.Q, Qingdao hairtail.

T.Q

2660.89
1269.69
571.80
208.48
243.31
24.55
3.74
2.11
157
0.79
0.72
0.27
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Gene Nucleotide sequence Size

TYR F:5'-CCTTCTGTCCAGTGCACCAT- 20
R:5'- TCCGCAGTTGAAACCCATGA-3' 20
pCT F:5-CTTGGGGTTGCTGGCTTTTC-3 20
R:5'- CGCTGAAGAGTTCCACCTGT-3' 20
TYRPI F:5'- GCTTCACTTGCTGGAACACA-3 20
Ri5"-CGCAGGCCTCTAAGATACGA-3' 20
MITF F:5-TGCACTGGGGAGAAGTTGAT-3 2
Ri5"-GCTGCGGACCATACAGAAAG-3 2
practin F:5'-ACAGCTGAGAGGGAAATCGTG-3' 21
Ri5"-AGAGGTCTTTACGGATGTCAACG-3' 2

E, forward primer; R, reverse primer.
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Fatty acid

C14:0
C15:0
Cl16:0
C17:0
C18:0
C20:0
SFA
Cl4:1
Cl6:1
C18:1 cis
C20:1
C24:1
MUFA
C18:2 cis
C20:3 n-3
C20:4
EPAn-3
DHA n-3
XEPA + DHA
PUFA
UFA

T.Z

583 4+ 0.11%
0.49 + 0.07*
22.66 + 0.21°
0.51 %+ 0.01°
3.03 %+ 0.06°
0.64 %+ 0.02
33.16 +0.21°
0.24 4 0.02°
7.65 + 0.08"
28.86 + 0.39*
4.22 4+ 0.10%
n.d.
40.97 +0.35
1.26 + 0.09*
0.88 + 0.01°
4.35 4+ 0.02%
548 + 0.14%
13.90 + 0.22¢
19.38 + 0.36°
25.87 + 0.44°
66.84 %+ 0.21

T.N

3.56 & 0.05"
n.d.
24.19 = 0.55"
1.26 4 0.15°
5.47 £ 0.41°
n.d.
34.48 4 0.07°
0.58 + 0.02
541 +0.33%
28.11 + 0.24%
n.d.

n.d.
34.10 £ 0.21°
0.62 = 0.02°
1.34+0.08°
n.d.

4.17 4 023>
25.28 + 0.45%
29.45 + 0.45%
31.42 + 0.36*
65.52 = 0.07°

T.Q

3.58 4 0.02°
n.d.
25.41 £ 0.512
1.13 £0.01°
6.12 £0.10
n.d.
36.23 £ 0.572
0.55 £ 0.012
6.09 £ 0.112
26.38 4+ 0.51°
n.d.

1.43 4 0.08°
34.45 + 0.43"
0.63 £ 0.03"
2.55 £ 0.05%
n.d.

3.80 4 0.26"
2232 40.34"
26.12 4+ 0.33"
29.30 4 0.42°
63.75 + 0.57°

2~ “Mean values in the same row (corresponding to the same parameter) not followed
by a common letter differ significantly (P < 0.05). T.Z, Zhoushan hairtail; T.N, Hainan
hairtail; T.Q, Qingdao hairtail.
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K00259 191.24 + 68.72¢ 1990.81 4 813.894 3487.11 £ 1306.30° 11221.26 + 2888.51° 18556.90 £ 5444.85*
K09758 125.78 4 46.89¢ 1435.99 =+ 608.334 2584.95 £ 947.47¢ 8059.44 4 2260.10° 12935.29 4 3749.88*
K01081 239.46 + 87.64¢ 2429.31 £975.12¢ 4317.18 + 1607.31¢ 14450.61 = 3684.46" 24546.12 £ 7115.68*
K11751 253.56 &+ 90.20° 2852.81 + 1216.23¢ 4900.66 + 1897.43¢ 15194.42 + 3800.12° 24636.19 £ 7247.23%
K03784 382.06 & 137.09¢ 3969.04 + 1628.834 6943.80 & 2613.25¢ 22388.37 + 5764.55P 37102.81 £ 10889.60*
K09913 189.82 4 68.53¢ 1987.66 =+ 814.454 3487.11 £ 1306.30¢ 11220.97 + 2888.30° 18556.76 4 5444.73*
K00656 268.77 + 93.20¢ 2932.22 + 1239.964 5145.58 £ 1956.57¢ 16189.7 £ 4127.10° 26295.19 £ 7670.21*
Ko07811 190.24 + 68.23¢ 1979.95 4 814.394 3456.54 & 1307.49° 11166.83 = 2876.03" 18546.05 & 5444.87°
K07812 156.75 & 56.79¢ 1657.57 =+ 689.894 2915.83 & 1110.75¢ 9391.07 + 2307.23P 15433.43 4= 4488.84°

Different letters indicate significant differences among groups (p < 0.05).
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MRPP ANOSIM ADONIS

P r P E P
Day 0-Day 1 0.007 0.277 0.062 0.253 1.373 0.190
Day 0-Day 3 0.067 0.003 0.370 0.003 3.005 0.003

Day 0-Day 5 0.227 0.003 0.909 0.004 10.130 0.004

Day 0-Day 7 0.275 0.003 0.983 0.003 13.670 0.003

Day 1-Day 3 0.007 0.277 0.050 0.288 1.271 0.201

Day 1-Day 5 0.175 0.003 0.873 0.003 7.420 0.003

Day 1-Day 7 0.245 0.003 0.983 0.003 11.630 0.003

Day 3-Day 5 0.101 0.003 0.510 0.003 4.234 0.003

Day 3-Day 7 0.216 0.003 0.934 0.003 9.713 0.003

Day 5-Day 7 0.077 0.014 0.381 0.009 3.312 0.016

MRPP, multiple response permutation procedure; ANOSIM, analysis of similarity; Adonis,
permutational multivariate analysis of variance.
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Samples T.Z

Hardness (N) 5.16 &+ 1.14*
Cohesiveness (Ratio) 0.44 +0.03*
Springiness (mm) 6.72 £ 0.97°
Gumminess (N) 224 +0.532
Chewiness (m]) 13.77 £3.322

T.N

4.34 % 0.70
0.32 +0.03"
7.64 + 0.812
1.36 +0.25°
9.87 + 1.87%

T.Q

5.83 + 1.86*
0.38 4 0.07%
5.55 4 0.37°
2,53+ 1117
1232+ 3912

2~ “Mean values in the same row (corresponding to the same parameter) not followed
by a common letter differ significantly (P < 0.05). T.Z, Zhoushan hairtail; T.N, Hainan

hairtail; T.Q, Qingdao hairtail.
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Amino acid

Threonine+
Valine+
Methionine+
Isoleucine+
Leucine+
Phenylalanine+
Lysine+
Histidine*
Arginine*
Aspartic Acid" &
Glutamate" &
Glycine" &
Alanine"&
Proline&
Serine&
Cystine
Tyrosine
XTAA

YEAA
XHEAA
XFAA
EINEAA
EAA/TAA
EAA/(HEAA + NEAA)
FAA/TAA

T.Z

6.06
593
6.26
6.96
14.48
6.16
12.40
3.12
17.56
12.84
20.28
532
7.76
4.10
5.84
0.10
6.24
14141
58.25
20.68
46.20
56.14
0.41
0.76
0.33

T.N

6.82
6.60
7.00
7.54
15.82
7.08
13.90
3.64
20.92
14.54
22.12
7.00
8.78
4.82
6.82
0.14
7.02
160.56
64.76
24.56
52.44
64.08
0.40
0.73
0.33

T.Q

6.30
6.12
6.58
7.30
15.04
6.60
12.96
3.30
18.98
13.58
21.94
5.70
8.20
4.54
6.20
0.10
6.58
150.02
60.90
22.28
49.42
60.16
0.41
0.74
0.33

+ Means essential amino acids (EAA); * means half-essential amino acids (HEAA);

* means flavor amino acids (FAA); & means non-essential amino acids (NEAA). TAA,
total amino acids; T.Z, Zhoushan hairtail; T.N, Hainan hairtail; T.Q, Qingdao hairtail.
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Longitude Sampling No.of
and latitude time samples
Mashan County of 108°17'E, November 2018 16
Guangxi Province 23°72'N
(GX)
Hulun Buir City of 115°31'-126°04'E, December 2018 15
Inner Mongolia 47°05'-53°20'N
(NMG)
Heze City of 114°45 -116°25'E, January 2019 16
Shandong Province 34°39'-35°52'N
(SD)
GX, SD, and NMG are the abbreviations of Guangxi, Shandong, and Inner

Mongolia, respectively.
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Regiol GX NMG SD

813C (%0) —1227 4263 —17.25 £ 4.04b —13.27 £0.98a
815N (%) 652+ 0.88a 638:+£091a 420 £0.91b
8H (%) —52.98 £ 3.90a —84.19 + 8.76¢ —62.94 % 3.97b

Different letters indicate significant differences at a p-value of < 0.05.
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Samples L¥* a* b*

T.Z 51.52 = 1.27% ~1.714 0132 4.44 £ 0.20°
T.N 49.72 4 0.99 -1.52 £ 0.11° 3.98 +£0.16"
T.Q 52.33 4 1.152 -1.68 + 0.112 3.87 £0.13"

27“Mean values in the same column (corresponding to the same parameter) not
followed by a common letter differ significantly (P < 0.05). T.Z, Zhoushan hairtail; T.N,
Hainan hairtail; T.Q, Qingdao hairtail.
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Sample 313C (% 315N 15 82H (%o A%H
o Bone —13.35+2.54 6.08 £ 0.89 —61.09 +£5.95
Gelatin —1227+£2.63 1.08 6.52 £ 0.88 0.44 —52.98 & 3.90 8.11
Bone —17.75+3.71 5.96 £ 0.90 —82.86 &+ 6.49
NMG
Gelatin —17.25+ 4.04 0.50 6.38 £ 0.91 0.42 —84.19+8.76 -133
<5 Bone —13.34 £ 0.94 3.60 £ 0.81 —72.87 £2.40
Gelatin —13.27 £ 0.98 0.07 4.20£0.91 0.60 —62.94 +3.97 9.93

The symbol A represents the difference in 8'*C, 8'*N, and 82H values between the gelatin samples and bone raw materials.
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Secondary structure of TMP

B-Sheet B-Turn = Random coil

0 534 +0.7% 9.9 +0.2° 14.0 £0.2° 22.74 030
5 39.3 4 2.6" 148+12* | 159+04° 30.0 + 1.4%
10 37.942.1° 153409 | 16.1+03? 30.7 + 1.3
15 38.14 0.4° 152402* | 161+02? 30.6 + 0.4
20 37.940.5° 152402* | 158+04° 31.1 4 0.4%

Data are presented as mean =+ standard deviation (SD) (n = 3). Different lowercase letters
indicate that TMP had significant differences at different HC times (P < 0.05).
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Average Turbidity Protein

particle solubility

size (nm) (%)
0 6.3340.02° | 1,0262+259° | 0.111£0.001> | 57.65+1.08°
5 6.39 4 0.012 719.3 £41.1° 0.093 £0.001¢ | 63.07 4 1.37%
10 6.39 £0.012 681.6 + 13.6° 0.089 £ 0.0019 | 64.90 =+ 0.34*
15 6.38 +0.01* 967.3 4 27.8" 0.105 4 0.004° | 59.50 + 0.41%¢
20 6.38+£0.01* | 20953 +61.6° | 0.22740.003* | 29.44 +5.10¢

Data are presented as mean =+ standard deviation (SD) (n = 3). Different lowercase letters
indicate that TMP had significant differences at different HC times (P < 0.05).
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FB40 FB50 FB60 Linear Quadratic

P R? P R?
o 001000 001000 002000 001000 001000 0605 0021 0756 0046
C12:0 0.10 £ 0.01 0.04 £0.01 0.05 £ 0.02 0.06 £ 0.020 0.06 +0.02 0.178 0.135 0.078 0346
C13:0 0.01 £0.00 0.00 £ 0.00 0.01 £0.01 0.01 +0.00 0.01 £0.00 0.278 0.090 0430 0.131
cla0 070£003 | 0225007 | 032:003* 042013 036+001* | 0064 0239 0034 0.430
C15:0 0.07 £ 0.01 0.06 +0.01 0.10 £ 0.03 0.09 +0.01 0.09 +0.01 0331 0.073 0592 0.084
Cl16:0 732+ 086 4.65+0.72 6.00 £ 1.40 660+ 1.12 575+ 1.05 0397 0.056 0396 0.143
c170 007000 007001 013004 007004 0.11+001 0378 0.060 0689 0060
C18:0 253+0.18 227019 296 +0.45 275+ 0.04 257+0.16 0554 0.028 0.844 0.028
C20:0 0.07 £ 0.00 0.07 £0.01 0.12 £ 0.04 0.10 +0.02 0.09 +0.01 0.172 0.139 0393 0.144
c21:0 0.01 £0.00 0.01 £0.00 0.02 £0.01 0.02+0.01 0.01 £0.00 0557 0.027 0.847 0.027
c22:0 0.03 £ 0.00 0.03 £0.01 0.04 £0.02 0.04 +0.01 0.03 +0.01 0418 0.051 0724 0.052
C24:0 0.16 £ 0.01* 0.10+0.01° 0.12£0.02* 0.12£0.01" 0.13£0.01" 0.087 0.208 0.026 0456
TSFA 1107 £ 1.17 753+ 1.04 9.90 £2.15 1029+ 1.32 923+ 1.40 0512 0.034 0507 0.107
Cl4:1 0.03 £ 0.00" 0.00 +0.00" 0.00 +0.00" 0.01£0.01° 0.01 £0.00° 0.055 0.255 0.005 0593
61 098£022 | 0252009 | 038016" 055021 0432014 0048 0268 0029 0.447
C18:1n9t 0.07 £0.01* 0.03+0.01" 0.04+0.01" 0.05£0.01° 0.03£0.01° 0.035 0.300 0.034 0430
Cl8:In9¢ 692135 394107 5.66+1.98 650 + 1.61 5.15+1.21 0540 0.030 0599 0.082
C20:1 0.33£0.06 0.17 £ 0.04 0.29 £0.10 0.29 £ 0.06 0.22+0.04 0372 0.062 0.521 0.103
C22:1n9 0.02 £ 0.00 0.01 £0.01 0.02 £0.01 0.02 £ 0.01 0.02 £ 0.00 0.658 0.016 0.902 0.017
Cc24:1 0.01 £0.00 0.00 £ 0.00 0.01 £0.01 0.01 £0.00 0.01 £0.00 0.277 0.090 0.382 0.148
TMUEA 836+ 165 1412122 641226 743£191 588% 141 0424 0050 0.476 0116
C1s2n6e 4512043 1480+ 089 638+ 183 674%134 578+1.22 023 oz 0.490 0112
€202 0.27 £ 0.03 027 £0.14 056 +0.12 054 +0.03 0.42+0.04 0073 0.226 0213 0.227
C222 0.01 £0.00 0.01£0.01 0.01 £0.01 0.02 £ 0.00 0.01 +0.00 0343 0.069 0.406 0.139
C18:3n3 0.35£0.03 0.26 £ 0.08 037 £0.15 0412011 0.36 £ 0.10 0.733 0.009 0.830 0.031
C18:3n6 0.22+0.05 0.15 £ 0.05 0.17 £ 0.05 0.22+0.04 0.17 £ 0.05 0623 0.019 0.705 0.056
C20:3n3 0.07 £ 0.01 0.08 £ 0.01 0.12£0.04 0.12+0.01 0.10 £ 0.01 0.139 0.160 0342 0.164
C€20:3n6 0.40 £ 0.03 0.27 £0.14 0.45 £ 0.06 0.51£0.02 0.37 £ 0.05 0.673 0.014 0815 0.033
C20:4n6 1.5310.06 1441004 1.54£0.08 1.52£0.02 1421015 0520 0.033 0.803 0.036
C€22:6n3 1.66 +0.15" 1.48 +0.08" 216 £0.35" 1.84 +0.04* 1.93+0.20" 0.264 0.095 0511 0.106
TPUFA 9.02+062 875+132 1177263 1192 150 1056154 0246 | 0.102 0524 0102
YHUFA 320£0.17" 2924012 370+ 039" 3.37£0.06" 3351022 0.429 0.049 0715 0.054
Tn-3PUFA 2.08+£0.20 1.81£0.17 2.65+0.54 237016 238031 0.294 0.084 0536 0.099
Tn-6PUFA 215£0.13 1.86 £ 0.19 216£0.17 226 +0.05 1.96 +0.25 0.828 0.004 0930 0.012
n-6/n-3 1.05+0.12 1.03 £0.09 0.87 £0.15 0.95+0.01 0.82+0.10 0.140 0.159 0.298 0.183

Data are represented as mean £ SE (= 3). Data with different letters are significantly different in the same tssues (P<0.05) between treatments, and the no ltters are not significantly different.
The fatty acids content less than 0.1 mg/g dry weight were not in the table. The faty acids composition of less than 001 were not shown in the table. ESFA: total amount of saturated fatty acids;
EMUEA: total amount of monounsaturated fatty acids; EPUFA: total amount of polyunsaturated faty acids; SHUEA: highly unsaturated faty acid; Zn-3PUFA: total amount of -3
polyunsaturated fatty acids; Zn-6PUEA: total amount of n-6 polyunsaturated fatty acids; n-6/n-3: n-6/n-3 polyunsaturated fatty acids ratio.
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FB50 FB60 FB70 Linear Quadratic

P R P R?
Threonine 3184003 3332004 337005 3342007 3204005 0879 0001 0002 0.386
Valine 3372003 357004 3522007* 360 £0.07* 3454005 0412 0026 0027 0.250
Cystine 0374002 040.£001° 0414001 048 0,03 036£002 0635 0009 0036 0233
Methionine 227005 238+006" 2414003 249£008 230£006 0514 0017 0042 0.223
Isoleucine 338004 3554 0.04° 350 006" 368013 346£006° 0292 0043 0070 0191
Leucine 5494005 5834008 5764010 597£020° 5594010° 0450 0019 0024 0.259
Histidine 178001 1754005 1814007 1774003 170£0.04 0332 0036 0358 0.079
Arginine 4312004 4514005* 451+007* 454£010° 440£008° 0448 0022 0036 0.234
Phenylalanine 3324004 3312005 3294001 3372007 3214006 0229 0055 0322 0.087
Lysine 6514007 679008 6704012 6824013 6594011 0627 0009 0112 0.161
TEAA 3396031 35.414034% 3527£058° | 3605£088 | 34255060 | 0645 | 0008 0032 0.240
Aspartic acid 6754008 7214008 7.00£009 709£012 652£012° 0853 0001 0030 0.245
Glutamic acid 10.49 £ 0.06" 11264016 1L05.£0.19" 10950200 1076£018% 0609 | 0010 0012 0.297
Glycine 3084004 3232007 3244005 3224006 31940.11 0372 0031 0226 012
Alanine 4114005 4274007 4234007 4254009 4112006 0830 | 0002 0104 0.166
Serine 2814003 2974008 301001 296005 2844005 0897 0001 0000 0487
Tyrosine 2744003 2825004 2844002 289£007 2814007° 0168 | 0072 0089 0176
Proline 2274003 2294008 2284005 217001 2164009 0106 0097 0212 onz
Tryptophan 042001 0424001 0354001 035.4000° 0.32:4000° 0000 0731 0000 0732
INEAA 3267025 3439+ 044" 3403£048° | 3400£062° 3300055 0928 0000 0022 0.264
TTAA 6663055 69.79£077" 69.295 105" 7006+150° 67251113 0772 0003 0024 0.258

Data are represented as mean:+SE (n=3). Data with different letters are significantly different in the same tissues (P<0.05) between treatments, and the no letters are not significantly different.
TEAA: essential amino acids; INEAA: non-essential amino acids; Y TAA: total amino acids.
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Linear

Quadratic

P R

Moisture 7485019 7588027 75.69+0.53 7619£1.00 | 7589%018 | 0155 0109 0226 0.161
Protein 7778+ 0.92* 8005 £ 0.56' 7838 033" 785020540 | 7758+100° 0878 0001 0010 0416
Lipid 3884045 2374034 2684041 2674066° | 267035 0222 0082 0015 0392

Data are represented as mean + S (i

Data with different letters are significantly different in the same tissues (P<(0.05) between treatments, and the no letters are not significantly different.
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FB70 Linear Quadratic

R
30 days

Hardness 647754645 | 91L904LI  97630%1810° | 1011653958 9941741035 | 0000 0834 0000 0891
Springiness 0624001 060003 0594001 0.66:+0.02 0624002 0343 0100 0450 081
Chewiness. 355,04 £93.42 4054769632 3913123037 | 448462611 4I871£4238 0009 0549 0037 0561
Cohesiveness 0664001 059004 0624002 0624002 0624002 0306 0116 0414 0198
Resilience 0324001 030£002 0324001 030001 0314001 0672 0021 0767 0064
Shear force 96930+ 129.15 | 103873419424 1043575361 | 9507314310 954631434 | 0807 0007 | 0956 0011
60 days

Hardness 68513+ 97.62° | 940.03%12404%  103940£18259° 12449721820 117660£8734 0027 0401 | 0098 | 0403
Springiness 0654003 068001 0634001 0.66+0.01 065001 0020 043 | 0062 0461
Chewiness 308806875 | 40064%5178%  42101£2523° | 4606241714 | 4567642140 0010 0500 | 0044 0501
Cohesiveness 0684002 066002 0654001 0.64£001 0694002 0643 002 | 0377 0195
Resilience 0324002 0304001 0312002 0322002 030001 0555 003 | 0698 0077
Shear force 93093+5856 11072749084 1127052695  L69A7£11L17  117630%12904 0342 0091 | 0652 0091
90 days

Hardness 70727489750 | 1097.87+133.92° | 1108.10£170.80° | 13930045234  132943410131° 0007 0503 | 0028 051
Springiness 0664003 0612003 0644001 0634002 0654002 0560 0032 0614 0093
Chewiness. 3270385867 | 54147£7545  42780£6496% | 58621£3290° 550363871 0008 0482 0033 0494
Cohesiveness 0.67 002 063001 065002 065001 065002 0152 0177 | 0366 082
Resilience 0314001 0312001 0324001 0324001 0324001 0004 0590 0016 0654
Shear force T9117£9507 | 17188 £18493%  120218£117.64° 13550318691 127460£6903 0030 0360 0105 0363

Data are represented as mean + SE (1=
treatments.

. Using one-way ANOVA, compared with the control, data at the same elapsed time with different letters are significantly different (P<0.05) among





OPS/images/fnut-10-1153323/fnut-10-1153323-t001.jpg
Ingredients Diet1 Diet2 Diet3 Diet4 Diet5

(% dry

matter)

Fish meal 1000 1000 10.00 1000 1000
Soybean meal 2530 1370 1080 790 500
Rapeseed meal 2600 1400 11.00 800 500
Wheat flour 2900 13.00 9.00 500 100
Soybean oil 320 280 270 260 250
Fish oil 250 250 250 250 250
Ca(H:PO)2:H.0 100 100 100 100 100
Vitamin premix 150 150 150 150 150
Mineral premix 150 150 150 150 150
Faba bean meal 000 4000 5000 6000 7000
Total 10000 10000 10000 10000 10000
Proximate composition

Crude protein 276 3217 3203 388 3173
Crude lipid 752 757 758 759 760
Ash 653 656 681 707 732

Moisture 612 611 613 612 614
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Items Unit. Molecular formula ~ Molecular weig Values
MUEA @/100g GC - - L6
PUFA g100g GC - - 025
SEA g100g GC - - 308
LA ¢/100g GC CiHO; 27843 021
ALA g100g GC CHL0, 27843 0.08
linoleic acid g100g CH0, 280.44 112
AA @/100g GC CH,0, 304.46 ND
DHA g100g GC CuHL0, 32848 ND
Vitamin C mg/100g Fluoro spectrophotometry CHO, 176.12 48.1
Vitamin D, ug/100g HPLC CaHLO 396.65 ND
Vitamin D, ug/100g HPLC CoHLO 38464 ND
3 mg/100g Fluoro spectrophotometry - - 580
a ¢/100g Zeta - - 058
ca mg/kg ICP-OES - - 881410°
K mg/kg ICP-OES - - 8.27410°
Na mg/kg ICP-OES - - 259%10°
Mg mg/kg ICP-OES - - 826
Fe mg/kg ICP-OES - - ND
Zn mg/kg ICP-OES - - 27
Cho mg/100g HPLC CoHL0 386.65 217
Tau mg/100g HPLC CHNOS 12515 123
Glu g100g HPLC CHNO, 147.13 348
Gly g100g HPLC CHNO, 7507 033
Tle g100g HPLC CHNO, 13117 086
Tyr g100g HPLC CH,NO, 18119 055
Lys @/100g HPLC CHN,0; 146.19 133
Arg g100g HPLC CH.N,O, 17420 09
The g100g HPLC CHNO; n9.12 072
Ser ¢/100g HPLC CHNO, 105.09 091
Pro g100g HPLC CHNO, 11513 141
Ala g100g HPLC CHNO, 89.09 0.61
Met @/100g HPLC CH,ONS 14921 041
Leu g100g HPLC CHNO, 13118 162
Phe g100g HPLC CH,NO, 165.19 081
Val 2/100g HPLC CHNO, nz.1s 106
Asp g100g HPLC CHNO, 133.10 173
His g100g HPLC CHNO, 155.00 049

MUEA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated faty acid; LA, linolenic acid; ALA, aclinolenic acid; DHA, docosahexaenoic acid; AA, arochidonic acid
oil; Cho, cholesterol; Tau, taurine; Glu, ghutamic acid; Gy, glycine; Cys, cystine; Il isoleucines Tyr, tyrosine; Lys, lysine; Arg, arginine; Trp, tryptophan; Thr, threonine; S, serine; Pro, prolir
Ala, alanine; Met, methionine; Leu,leucine; Phe, phenylacetic acid; Val, valine; Asp, aspartic acid; His, histidine; ICP-OES, inductively coupled plasma optical emission spectrometry; HPLC,
high performance liquid chromatography.
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L* a>(> b*

Storage time (day) Control SMF Control SMF Control SMF

0 44.19 £ 1.05* 41.11 + 0.95% —0.66 =+ 0.47* —1.69 £ 0.09* —3.24+0.18 —4.16 £0.27*
1 39.99 4 0.50% 40.21 + 0.79% —0.45 +0.41% —0.96 + 0.28" —2.940.72* —3.62 +0.62%°
2 39.53 4+ 1.81° 38.80 4 1.33" —0.09 + 0.41° —0.78 + 0.34%¢ —2.54 +0.74% —3.33 4 0.90%
3 40.11 + 1.125¢ 39.25 4 0.91° 0.66 = 0.46° 0.27 + 0.414 —1.82 +0.74> —2.89 +0.63"
4 40.68 + 0.92"¢ 38.20 4 1.02° —0.66 % 0.40° —0.28 4 0.79° —1.29 4 1.10° —3.03 +0.79"
5 41.03 4 1.09° 38.93 4 1.09° —0.73 £ 0.28° —0.86 + 0.40° —0.06 + 0.744 —3.67 £ 0.44%°
6 42.49 4 0.554 39.59 4 1.10% —0.78 % 0.46 —0.72 & 0.38b¢ 1.65 £ 0.86° —3.36 4 0.33%

Results are presented as the mean == SD. Different lowercase letters in a column indicate statistically significant differences between samples with different storage time (p < 0.05). SMF:

treated with static magnetic field (5 mT) at 4°C, control: storage at 4°C without SMF.
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Hardness (g) Springiness Cohesiveness Chewiness
Control SMF Control SMF Control SMF Control SMF
2,304.0 £ 14334 2288.0 +124.34% 057 £0.06%% 058 £0.05%%  0.42+ 004"  0.42+£0.04* 7868 £1332%%  786.8 & 175240
1,796.8 & 113.54P 1,968.1 91440 048 +£0.034>  0.49+0.034P¢  0.41 £ 0044  0.40 £0.044*  350.7 £31.94P 3823 + 54,040
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1,386.8 = 79.085¢ 1,568.5 432,644 046 £0.0140 0464 0.034b¢ 0394 0.0242 038 +0.024%  248.1 +18.640¢  276.2 + 24.24bc
1,249.7 + 121.24¢d 13555 £ 56.14de 046 4+ 0.044>  0.46+0.014P¢ 038 +£0.024°  039+£0.014  218.8+ 4504  260.1 + 24.04b¢
1,1359 + 15748 1,191.54+ 11968 042 £0.034" 0454 0.034°¢  0.39£0.034 040 £0.024%  189.8 + 35984 216.0 £ 29.6A¢
702.0 + 66.9%¢ 1,1324 £ 964287 043 £0.024% 0414001 0340074 040 £0.034  10454+29.9%0  186.6 + 20.64°

Results are presented as the mean =+ SD. Different capital letters in a row indicate statistically significant differences between samples with different treatments (p < 0.05); different

lowercase letters in a column indicate statistically significant differences between samples with different storage time (p < 0.05). SMF: treated with static magnetic field (5 mT) at 4°C,
control: storage at 4°C without SMF.
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Forward primer Probe Reverse primer

CATGGAGGACGATGTCTAGTGA* * I NORCCOETEEENNTEEEN * * (GCAGAGGTAAAATAGGCTI
CATGGAGGACGATGTCTAGTGA* * I NCRCCCETECERNRTEEON - * (GCAGAGGTAAAATAGGCT]
CATGGAGGACGATGTCTAGTGA* * Il NCACCOGTCEGRRTGGORN - *

CATGAAGGACGATGTCTAGGGA* **TGACCCCTGTTGGAATGGCA* * *GCGGATGTGAAGTAGGCC

CATGAAGGACAATATCTAGGGA* **TAACCCCTGTAGGAATGGCG* * *GCAGATGTAAAATAGGCT

CGTGAAGGACGATGTCCAGGGA* **TTACCCCTGTAGGGATGGCA* * *GCAGAGGTGAAGTAGGCT
CGTGTAGCACAATGTCTAGGGA***TGACTCCTGTTGGAATGGCA* * * GCGGAGGTAAAGTAGGCT
CGTGTAGCACAATGTCTAGGGA* **TGACTCCTGTTGGAATGGCA* * * GCGGAGGTAAAGTAGGCT
CGTGTAATACGATGTCTAGGGA* * *TGACTCCTGTCGGGATGGCA* * * GCAGAGGTAAAGTAGGCT
CGTGTAATACAATGTCTAGGGA* **TGACTCCTGTTGGGATGGCA* * *GCAGAGGTAARAGTAGGCT
CGTGTAACACAATGTCTAGGGA* **TGACTCCTGTTGGGATGGCG* * *GCGGAGGTAAAGTAGGCT
CGTGTAACACAATGTCTAGGGA* **TGACTCCTGTTGGGATGGCA* * *GCGGAGGTAAAGTAGGCT
CGTGTAACACAATGTCTAGGGA* **TTACCCCTGTTGGGATGGCA* **GCGGAGGTAAAGTAGGCT

Forward primer Probe Reverse primer

CCTAGGAACATCACCACAA***AAAGGACGTAGTGGAAGTGGGCT* * * CATGGAGGACGATGTCTAGT
CCTAGGAACATCACCACAA***AAAGGACGTAGTGGAAGTGGGCT* * *CATGGAGGACGATGTCTAGT
CCTAGGAACATCACCACAA* **AAAGGACGTAGTGGAAGTGGGCT* **CATGGAGGACGATGTCTAGT
CCCAGGAACATTACCATAA***AGAGGACATAGTGGAAGTGGGCA* ** CATGAAGGACGATGTCTAGG

[cccanGAACATAACCATAA * “RCACCACATICTCCARGTIGAGCH * * CATGAAGGACAATATCTAGS

CCTAGGAACATTACCACGA* **AGAGTACATAGTGGAAATGGGCT* **CGTGAAGGACGATGTCCAGG

CCAATGAACATCACTCCGA* ** AGAGGACATAGTGGAAGTGGGCA* **CGTGTAGCACAATGTCTAGG
CCAATGAACATCACTCCGA*** AGAGGACATAGTGGAAGTGGGCA* ** CGTGTAGCACAATGTCTAGG
CCAATGAACATTACTCCGA* * * AGAGGACGTAGTGGAAATGGGCA* **CGTGTAATACGATGTCTAGG
CCAATGAACATTACTCCGA* ** AGAGGACATAGTGGAAGTGGGCA* **CGTGTAATACAATGTCTAGG
CCAATAAACATTACTCCGA* ** AGAGGACATAGTGGAAATGGGCA* **CGTGTAACACAATGTCTAGG
CCAATAAACATTACTCCGA* ** AGAGGACATAGTGGAAATGGGCA* **CGTGTAACACAATGTCTAGG
CCAATGAACATTACTCCGA* ** AGAGGACATAGTGGAAGTGGGCA* **CGTGTAACACAATGTCTAGG

Forward primer Probe Reverse primer

GGAAGAAGGTTAGGTTGA* * *ACGAAGGCTCCCATGATGGCAA* * * CATTGAAAGGACGTAGTGGA
GGAAGAAGGTTAGGTTGA* * * ACGAAGGCTCCCATGATGGCAA* * *CATTGAAAGGACGTAGTGGA
GGAAGAAGGTTAGGTTGA* ** ACGAAGGCTCCCATGATGGCAA* * * CATTGAAAGGACGTAGTGGA
GGAAGAAGGTTAGATTTA* **ACGAAAGCCCCTATGATGGCAA* * * CATCGAGAGGACATAGTGGA
GGAAGAAGGTCAGATTGA* * *ACGAAGGCCCCCATAATAGCAA* * * TATCGAGAGGACATTGTGGA
GGAAGAAGGTTAGGTTGA!* * * HCGARGECTCCTATCATGGCAR* * * CATTGAGAGTACATAGTGGA
GGAAGAAGGTCAGGTTAA* * *ACGAATGCACCCATAATTGCAA* * *CATGGAGAGGACATAGTGGA
GGAAGAAGGTCAGGTTAA* **ACGAATGCACCCATAATTGCAA* **CATGGAGAGGACATAGTGGA
GGAAGAAGGTTAGGTTGA* **ACGAATGCACCCATAATTGCAA* ** CATGGAGAGGACGTAGTGGA
GGAAGAAGGTTAGGTTGA* **ACGAATGCACCCATAATTGCAA* * *CATGGAGAGGACATAGTGGA
GGAAGAAGGTTAGGTTAA* **ACAAATGCACCCATAATTGCAA* ** CATGGAGAGGACATAGTGGA
GGAAGAAGGTTAGGTTGA* **ACGAATGCACCCATAATTGCAA* * *CATGGAGAGGACATAGTGGA
GGAAGAAGGTTAGGTTGA* **ACGAATGCACCCATAATTGCAA* * * CATGGAGAGGACATAGTGGA

Forward primer Probe Reverse primer

CGTCTATTCCGACGGTGA* **CAGACAATGAAGCCCAGAAGGCCAA* **GAGAATGAGAATGTAGACTTCA
CGTCTATTCCGACGGTGA* **CAGACAATGAAGCCCAGAAGGCCAA* **GAGAATGAGAATGTAGACTTCA
CGTCTATTCCGACGGTGA* **CAGACAATGAAGCCCAGAAGGCCAA***GAGAATGAGAATGTAGACTTCA

[CGTCTATACCAACAGTGH * * {CACACARTCARGCCTACARGACCES * * HGAGAATAAGAATATAGACCTCG

CGTCCATACCAACCGTGA***CAAACAATGAAGCCTAGCAGCCCGA* **GAGGATGAGGATGTAGACTTCG

CATCTATACCCACGGTGA***CATACAATGAAGCCCAGTAGTCCGA***TAAAATTAGAATGTAGACTTCG
CGTCTATACCGACTGTAA***CATACAATAAAGCCAAGAAGACCGA***GAGAATTAGAATGTAGACTTCA
CGTCTATACCGACTGTAA***CATACAATAAAGCCAAGAAGACCGA***GAGAATTAGAATGTAGACTTCA
CGTCCATGCCGACTGTAA***CATACAATAAAACCAAGAAGACCGA***GAGAATTAGAATGTAGACTTCA
CGTCCATACCGACTGTAA***CATACAATAARAACCAAGAAGGCCGA***AAGGATAAGAATGTAGACTTCA
CGTCCATGCCGACTGTAA***CATACAATAAAGCCAAGAAGACCGA* **GAGAATTAGAATGTAGACTTCA
CGTCCATGCCGACTGTAA***CATACAATAAAGCCAAGAAGACCGA* **GAGAATTAGAATGTAGACTTCA
CGTCCATGCCAACTGTAA***CATACAATAAAGCCAAGAAGACCGA* **GAGAATTAGAATGTAGACTTCA
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