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Simple Summary: Producers of poultry meat are confronted with significant challenges, including 

wooden breast meat (WBM) quality improvement. The study aims to improve the quality of WBM 

via the use of newly developed marinades based on selected strains of lactic acid bacteria (LAB) in 

combination with the by-products of the dairy and fruit/berry industries. These marinades would 

then be used for WBM quality enhancement. Six groups of marinades were prepared: Mp + Lc; Mp 

+ Lc + ApBp; Mp + Lc + BcBp; Mp + Lu; Mp + Lu + ApBp; and Mp + Lu + BcBp. Further marinades 

were applied for broilers’ WBM pre-treatment. Non-treated WBM samples were analyzed as con-

trol. The results showed that, after 48 h of marination, enterobacteria and molds/yeasts in WBM 

were absent. Marinated (24 and 48 h) WBM showed lower dry-matter (DM) and protein content, as 

well as lower water holding capacity, and exhibited higher drip loss (on average, by 8.76%) and 

cooking loss (on average, by 12.3%), in comparison with controls. After WBM treatment, biogenic 

amines decreased; besides, the absence of spermidine and phenylethylamine was observed in meat 

marinated for 48 h with a marinade prepared with Lu. Overall, this research highlights the potential 

advantages of the developed sustainable marinades in enhancing the safety and quality attributes 

of the WBM. 

Abstract: The study aims to improve the quality of wooden breast meat (WBM) via the use of newly 

developed marinades based on selected strains of lactic acid bacteria (LAB) in combination with the 

by-products of the dairy and fruit/berry industries. Six distinct marinades were produced based on 

milk permeate (MP) fermented with Lacticaseibacillus casei (Lc) and Liquorilactobacillus uvarum (Lu) 

with the addition of apple (ApBp) and blackcurrant (BcBp) processing by-products. The microbio-

logical and acidity parameters of the fermented marinades were evaluated. The effects of marinades 

on the microbiological, technical, and physicochemical properties of meat were assessed following 

24 and 48 h of WBM treatment. It was established that LAB viable counts in marinades were higher 
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than 7.00 log10 colony-forming units (CFU)/mL and, after 48 h of marination, enterobacteria and 

molds/yeasts in WBM were absent. Marinated (24 and 48 h) WBM showed lower dry-matter and 

protein content, as well as water holding capacity, and exhibited higher drip loss (by 8.76%) and 

cooking loss (by 12.3%) in comparison with controls. After WBM treatment, biogenic amines de-

creased; besides, the absence of spermidine and phenylethylamine was observed in meat marinated 

for 48 h with a marinade prepared with Lu. Overall, this study highlights the potential advantages 

of the developed sustainable marinades in enhancing the safety and quality attributes of WBM. 

Keywords: broilers’ wooden breast meat; marinades; lactic acid bacteria; milk permeate; apple  

by-products; blackcurrant by-products; meat quality 

 

1. Introduction 

Nowadays, producers are confronted with significant challenges, including altera-

tions in the functional and technological attributes of raw meat as a result of contemporary 

intensive livestock fattening methods, among other factors [1–3]. Additionally, intense ge-

netic selection and the adoption of intensive animal production systems for poultry 

growth have led to the emergence of anomalies (including white striping, wooden breast 

(WB) meat, deep pectoral muscle myopathy and pale, soft, exudative meat) in broilers’ 

chicken breast musculature [4–7]. Among myopathies garnering substantial attention 

from researchers and food technologists, the WBM anomaly stands out [5]. This condition 

is typified by a discernible rigidity that may impact various regions of the Pectoralis major 

[8]. WBM myopathy predominantly manifests as a conspicuous firmness in broilers’ 

chicken breast muscles, accompanied by morphometric and histopathological changes, as 

well as physicochemical irregularities, which can result in undesirable sensory, nutri-

tional, physical chemical and technological characteristics [3,5,9]. Breast tissue affected by 

myopathy exhibits elevated levels of insoluble and total collagen compared to unaffected 

tissue [9], suggesting a potential link to increased tissue rigidity, reduced tenderness, and 

compromised meat quality. Structural changes significantly impact meat texture, pH, and 

water-holding capacity, potentially affecting microbial growth and safety, as well as shelf 

life [10,11]. Due to its unattractive appearance and texture, consumers typically have low 

acceptance of wooden breast meat (WBM) in its raw form, leading to its frequent use in 

minced meat products [12,13], such as sausages [14], patties [15], meatballs [16] or animal 

feed [12]. The incorporation of WBM into other products is not financially viable, as it is 

associated with a number of significant factors, including reduced productivity, meat pro-

cessing challenges, and reduced consumer acceptance due to unfavorable sensory quali-

ties [3,13]. Therefore, urgent scientific attention is warranted to develop cost-effective 

methodologies aimed at enhancing the quality of WB-afflicted meat [3]. Along with this, 

the employment of new marination techniques [17] can ameliorate raw WB properties. 

The use of natural marinades is a widely employed technique for meat pre-treatment and 

preservation [18,19]. Tailored marination strategies show promise in effectively managing 

meat quality issues associated with WB broilers’ chicken meat condition. Additionally, 

they have demonstrated the capacity to enhance the intensity of aromatic and flavor at-

tributes while, simultaneously, reducing the chewiness, hardness and cohesiveness of 

meat [20–22]. 

It was reported that the lactic acid bacteria (LAB) strains Pediococcus pentosaceus and 

Pediococcus acidilactici could be successfully applied in the production of potato juice-based 

marinades for pork meat pre-treatment [23]. However, the preparation of LAB biomass 

and the preservation of its viability are essential steps if we want to use it in practical 

applications. Our previous studies showed that the LAB strains could be multiplied in the 

dairy industry by-product milk permeate (Mp) [24]. Additionally to the high viability of 

LAB in fermented milk permeate, the latter bio-product possesses desirable antimicrobial 



Foods 2024, 13, 1367 3 of 25 
 

 

properties [25]. It was also reported that apple and blackcurrant by-products are very pro-

spective antimicrobial food ingredients [26], which can be used in combination with fer-

mented milk permeate, with the aim of functional properties improvement [27,28]. How-

ever, despite LAB having the capacity to metabolize amino acids in food, resulting in the 

production of desirable flavor and antimicrobial compounds, among others, they can also 

lead to non-desirable compounds, i.e., biogenic amine (BA) formation [29,30]. Finally, not 

only the sensory and technological characteristics of the marinated meat must be ana-

lyzed, but safety parameters, including BA concentration, should be taken into consider-

ation. 

The purpose of this study was to improve the quality of WBM via the use of newly 

developed marinades based on selected LAB strains [Lacticaseibacillus casei (Lc) and Liq-

uorilactobacillus uvarum (Lu)] in combination with the by-products of the dairy (MP) and 

fruit/berry (Ap/BC) industries. 

2. Materials and Methods 

2.1. Materials Used for Experiment 

A commercial processing company supplied broiler samples of the Ross 308 strain, 

acquired when the chicks were six weeks old. All broilers were raised in a deep litter under 

identical climate-controlled conditions and provided with the same standard feed. The 

hardness of the Pectoralis major muscle was assessed 6 h post-mortem, following the meth-

odology outlined by Tijare et al. [31]. The study focused on selecting extremely hard and 

rigid samples spanning from the cranial region to the caudal tip of the fillets. Only fillets 

exhibiting consistent hardness ratings on both the left and right sides were considered for 

further analysis. Subsequently, for analytical purposes, the samples were vacuum-sealed 

and stored at a temperature of +4 °C until marination. 

Lacticaseibacillus casei LUH210 (Lc) and Liquorilactobacillus uvarum LUHS245 (Lu) 

strains were sourced from the microorganism’s collection of the Lithuanian University of 

Health Sciences (Kaunas, Lithuania). Isolation, identification and phenotype characteriza-

tion by PCR of LAB strains used in this experiment were described in previous studies by 

Bartkiene et al. 2020 [32]. These LAB strains were stored at −80 °C using a Microbank sys-

tem (Pro-Lab Diagnostics, UK) and, subsequently, individually cultured in MRS broth 

with Tween 80 (Biolife, Milan, Italy) at 30 °C for a duration of 48 h prior to their use for 

milk permeate fermentation. The MP was obtained from the agricultural cooperative 

Pienas LT (Biruliskes, Lithuania). 

Freeze-dried by-products of apple (variety Auksis) and blackcurrant (variety Ben Al-

der) were acquired from the Institute of Horticulture, Lithuanian Research Centre for Ag-

riculture and Forestry (Babtai, Kaunas district, Lithuania). 

2.2. Preparation of Marinades and Their Analyses 

A total of 3% (v(inoculum)/v (milk permeate)) of multiplied LAB (Lc and Lu, sepa-

rately) with a cell concentration, on average, of 9.20 log10 colony-forming units (CFU)/mL 

were inoculated in Mp, followed by fermentation for 48 h at 30 ± 2 °C. Prior to fermenta-

tion, ApBp and BcBp by-products were added. Finally, six different marinades were pre-

pared: Mp + Lc; Mp + Lc + ApBp; Mp + Lc + BcBp; Mp + Lu; Mp + Lu + ApBp; and Mp + 

Lu + BcBp. The following characteristics of the marinades were analyzed: pH, total titrat-

able acidity (TTA), LAB, mold/yeast (M/Y), total enterobacteria (TEC), and total bacterial 

(TBC) viable counts. The principal scheme for the marinade preparation is given in Figure 

1. 
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Figure 1. The principal scheme for marinade preparation (TTA—total titratable acidity; Mp—milk 

permeate; Lc—Lc. casei; Lu—Liq. uvarum; ApBp—apple by-products; BcBp—blackcurrant by-prod-

ucts). 

For LAB viable counts determination, the method described in ISO 15214:1998 for 

TBC assessment, ISO 4833-2:2013 for TEC analysis, ISO 21528-2:2017, and ISO 21527-

2:2008 methods for M/Y evaluation were used [33–36]. The pH measurements of the mar-

inades were acquired through the employment of a pH electrode (PP-15, Sartorius, 

Goettingen, Germany). The TTA was determined by homogenizing a 10 g sample (solu-

tion) with 90 mL of distilled water and quantifying it as the volume (mL) of 0.1 M NaOH 

(Sigma-Aldrich, Inc., St. Louis, MO, United States) solution required to achieve pH 8.2 

(expressed in Neiman degrees, °N) [37]. 

2.3. Technology for Broilers’ Breast Meat Marination 

In the second stage of the experiment, seven distinct groups of meat samples were 

prepared: the control group, denoted as WBM without any pre-treatment, and six exper-

imental groups treated with different marinades (WBM + Mp + Lc; WBM + Mp + Lc + 

ApBp; WBM + Mp + Lc + BcBp; WBM + Mp + Lu; WBM + Mp + Lu + ApBp; and WBM + 

Mp + Lu + BcBp). 

The immersion marination technique was used for sample pre-treatment: every set 

of samples was enclosed in a glass vessel, coated with a marinade and, subsequently, 

stored in a refrigerator at 4 ± 1 °C for 24 and 48 h. 

The following characteristics of WBM were analyzed: microbiological (LAB; TBC; 

TEC; and M/Y), physicochemical (pH; dry-matter (DM) content; protein content (PC); fat 

content (FC); ash content (AC); and fatty acid composition (FA)), and technological pa-

rameters (cooking loss (CL); drip loss (DL); WHC; and shear-force (SF)). The principal 

scheme for broilers’ breast meat marination and analysis is given in Figure 2. 
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Figure 2. The principal scheme for broilers’ breast meat pre-treatment and meat quality parameter 

evaluation (WBM—wooden breast meat; Mp—milk permeate; Lc—Lc. casei; Lu—Liq. uvarum; 

ApBp—apple by-products; BcBp—blackcurrant by-products). 

2.4. Microbiological Parameters’ Evaluation Methods for Broilers’ Breast Meat 

The microbiological parameters of the samples, including TBC, LAB, TEC, and M/Y 

counts, were evaluated. A 10 g and 10 mL sample was homogenized in 90 mL of a 0.9% 

sodium chloride solution for this evaluation. The sample was then prepared using saline 

serial dilutions ranging from 101 to 107. The M/Y viable counts were measured on Di-

chloran rose Bengal chloramphenicol agar (Liofilchem, Milan, Italy); TEC was measured 

on violet-red bile glucose agar (Oxoid Ltd., Basingstoke, UK); TBC was measured on plate 

count agar (Biolife, Milan, Italy); and LAB viable counts were measured on MRS agar with 

Tween-80 (Biolife, Milano, Italy). Section 2.2 provides standards for assessing microbio-

logical parameters. 

2.5. Main Physicochemical Parameters’ Evaluation of Broilers’ Breast Meat 

 Evaluation of the main physicochemical parameters of broiler meat samples encom-

passed the determination of meat pH, DM (%), FC (% of dry-matter), AC (% of dry-matter) 

and PC (% of dry-matter). Meat pH measurements were performed using an INOLAB3 

pH-meter (WTW GmbH, Germany). DM was quantified in accordance with ISO 1442:2023 

[38]. PC was determined through the evaluation of nitrogen content in adherence to ISO 

937:2023 [39]. FC was determined in accordance with ISO 1443:2000 [40], which outlines 

the procedure for the assessment of total fat content in meat and meat products. The anal-

ysis of total ash content adhered to the ISO 936:1998 protocol specified for meat and meat 

products [41]. 

2.6. Methods for Meat Technological Parameters’ Evaluation 

The WBM underwent analyses after 24 and 48 h of marination. The assessment of 

meat WHC, DL, CL and SF followed the methodologies described by Klupsaite et al. [42]. 

SF values were determined using a texture analyzer (TAXT2i version 6.06) equipped with 

a Warner-Bratzler shear blade and provided by Stable Micro Systems Co., Ltd., based in 

Goldaming, UK. 
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2.7. Method for Biogenic Amines’ Evaluation 

The BAs, which encompass tryptamine (TRY), phenylethylamine (PHE), putrescine 

(PUTR), cadaverine (CAD), histamine (HIS), tyramine (TYR), spermidine (SPRMD) and 

spermine (SPRM), were analyzed in accordance with the methodology outlined in the 

publication by Ben-Gigirey et al. [43], with some modifications described by Bartkiene et 

al. [44]. Chromatographic analysis was carried out using a Varian ProStar HPLC system, 

manufactured by Varian Corp., based in Palo Alto, California, USA. The separation of 

amines was achieved through the utilization of a Discovery® HS C18 column with dimen-

sions of 150 mm × 4.6 mm-ϕ and a particle size of 5 µm-ϕ, provided by SupelcoTM Ana-

lytical located in Bellefonte, Pennsylvania, USA. The identification of BA was conducted 

by comparing retention times with those of the established standards. 

2.8. Analysis of Fatty Acid Profile 

In accordance with the protocol described by Pérez-Palacios et al. [45], WBM lipids 

were extracted for the FA profile analysis using a combination of chloroform (Sigma-Al-

drich, Inc., St. Louis, MO, United States) and methanol (2:1 v/v) (Sigma-Aldrich, Inc., St. 

Louis, United States). Then, using an esterification procedure of a 2 mol/L KOH solution 

(Sigma-Aldrich, Inc., St. Louis, USA) in methanol, fatty acid methyl esters (FAME) were 

produced. The FA composition was assessed using a gas chromatograph GC-2010 Plus 

(Shi-madzu Corporation, Tokyo, Japan), which was equipped with a mass spectrometer, 

GCMS-QP2010 (Shimadzu Corporation, Tokyo, Japan). Separation was executed on a Sta-

bilwax-MS column 30 m, 0.25 mm ID, 0.25 µm provided by Restek Corporation, Belle-

fonte, USA. The mass spectrometer operated in full scan mode. The oven temperature was 

programmed to start at 40 °C, climb by 8 °C/min to 220 °C, hold that temperature for 1 

min, then increase by 20 °C/min to 240 °C, which was held for the final 10 min. The carrier 

gas used in the experiment was helium, which flowed at a rate of 0.91 mL/min. By com-

paring retention periods with the Supelco 37 Component FAME Mix reference material 

standard (Merck and Co., Inc., Kenilworth, NJ, USA), individual FAME peaks were iden-

tified. 

2.9. Statistical Analysis 

The data were analyzed using analysis of variance (ANOVA) and Tukey’s-honest sig-

nificant difference (Tukey-HSD) as post-hoc tests using IBM SPSS® Statistics 29 (IBM 

Corp., Armonk, New York, NY, USA) in order to assess the effects of various marinade 

compositions on WBM quality parameters, as well as the potential impacts of inde-

pendently considered factors (LAB strain and fruit/berry industry by-products). In addi-

tion, a linear Pearson correlation was carried out using the statistical program SPSS to 

evaluate the degree of relationship between the variables. A p-value of 0.05 or less indi-

cated statistical significance for the results (p ≤ 0.05). 

3. Results and Discussion 

3.1. Characteristics of the Developed Marinades 

Microbiological and acidity parameters of marinades are shown in Figure 3. The TEC 

and M/Y were not observed in all tested marinades. The highest LAB viable counts were 

observed in the Mp + Lc and Mp + Lu groups (on average 8.75 ± 0.11 log10 CFU/mL). In 

other marinades, LAB viable counts were, on average, lower by 3.77% in Mp + Lc + ApBp, 

by 3.20% in Mp + Lc + BcBp, by 6.86% in Mp + Lu + ApBp and by 9.14% in Mp + Lu + BcBp, 

in comparison with Mp + Lc and Mp + Lu groups. The highest TBC was established in Mp 

+ Lc marinades group (8.94 ± 0.06 log10 CFU/mL) and the lowest TBC was found in Mp + 

Lu + ApBp and Mp + Lu + BcBp groups (on average, 8.21 ± 0.05 log10 CFU/mL). A negative 

moderate correlation was found between LAB viable counts and TBC (r = −0.565, p < 0.001). 

Marinades Mp + Lc + BcBp, Mp + Lc + ApBp, Mp + Lu + BcBp and Mp + Lu + ApBp 

showed the lowest pH values (on average, 3.43). In comparison with the latter samples, 
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the pH of Mp + Lc and Mp + Lu groups was, on average, 5.12% and 8.42% lower, respec-

tively. Negative moderate and negative very strong correlations were found between mar-

inades pH and TTA (r = −0.593, p < 0.001), between pH and TBC (r = −0.728, p < 0.001), as 

well as between TBC and TTA (r = −0.930, p < 0.001). LAB strain, used for marinade prep-

aration, was a significant factor for LAB viable counts (p = 0.035), TBC (p = 0.018) and for 

TTA (p = 0.006) of marinades. The type of fruit/berry industry by-product was a significant 

factor for LAB viable counts and TBC in marinades, besides pH and TTA (p ≤ 0.001). 

Many studies have demonstrated the beneficial effects of Lactobacillus species against 

foodborne pathogens; however, not all LAB can be employed for meat fermentation since 

they differ in their mechanism of action and metabolite release [46–54]. A variety of com-

pounds are produced by Lactobacillus spp., including lactic [55], formic, acetic, propionic, 

butyric, and succinic acids [56,57], ethanol, hydrogen peroxide, reuterin, antimicrobial 

peptides, bacteriocins, and bacteriocin-like inhibitory substances [58]. Additionally, the 

combination of LAB with fruit/berry by-products’ can lead to higher antimicrobial activity 

[24–26,28] because of the fruit/berry bioactive compounds, which inhibits pathogenic bac-

teria strains, encompassing both Gram-positive and Gram-negative types [59,60], as well 

as fungi [61]. Moreover, blackcurrant is acknowledged as a rich source of polyphenols, 

including anthocyanins, phenolic acid derivatives, flavanols and proanthocyanidins 

[62,63]. Our previous studies showed that blackcurrant inhibits Salmonella enterica, Pseu-

domonas aeruginosa, Staphylococcus aureus, Enterococcus faecalis, Enterococcus faecium, Bacillus 

cereus, Streptococcus mutans, Staphylococcus epidermis, Staphylococcus haemolyticus and Pas-

teurella multocida [28]. Apple pomace exhibits a significant presence of polyphenols, rang-

ing from 31 to 51%, with a notable concentration of cinnamate esters, dihydrochalcones, 

and flavanols [64,65]. Our previous studies also showed that the antimicrobial properties 

of lyophilized blackcurrant and apple by-products can be enhanced in combination with 

the selected LAB strains [26]. 

 

Figure 3. Microbiological (a) and acidity parameters (b) of marinades (LAB—lactic acid bacteria; 

TBC—total bacteria viable counts; CFU—colony-forming units; TTA– total titratable acidity, in 

Neiman degree (°N); Mp—milk permeate; Lc—Lb. casei; Lu—Lb. uvarum; ApBp—apple by-products; 

BcBp—blackcurrant by-products. a–d Mean values followed by the different superscript letter, are 

significantly different (p ≤ 0.05). 

3.2. Microbiological Parameters of Broilers’ Wooden Breast Meat 

After 24 h of WBM marinating, the highest LAB viable counts were detected in WBM 

+ Mp + Lu + BcBp group (7.29 ± 0.11 log10 CFU/mL) (Table 1). In other groups, the LAB 

viable counts were, on average, 14.8% (WBM + Mp + Lc), 3.99% (WBM + Mp + Lc + BcBp), 
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8.48% (WBM + Mp + Lu) and 10.6% (WBM + Mp + Lu + ApBp) lower, in comparison with 

the WBM + Mp + Lu + BcBp sample’s group. The type of fruit/berry industry by-product 

was a statistically significant factor for the LAB viable counts in WBM after 24 h of mari-

nating (p < 0.001). After 48 h of treatment, LAB viable counts in all WBM samples were, 

on average, 7.31 ± 0.10 log10 CFU/mL. In comparison with 24 h treated WBM samples, 48 

h marinated WBM showed, on average, 6.84% higher LAB viable counts. 

The treated samples (24 and 48 h) showed, on average, 25.7 and 33.3 %, respectively, 

higher TBC viable counts, in comparison with the non-marinated. After 24 h of treatment, 

the highest TBC was found in the WBM + Mp + Lc + BcBp group (7.47 ± 0.01 log10 CFU/mL). 

LAB strain was a significant factor in TBC viable counts in WBM samples (p < 0.001). The 

48-h marinated WBM + Mp + Lc + ApBp, WBM + Mp + Lc + BcBp, WBM + Mp + Lu + ApBp, 

and WBM + Mp + Lu + BcBp sample groups showed, on average, 7.72 ± 0.09 log10 CFU/mL 

TBC. A type of fruit/berry industry by-product was a significant factor on TBC viable 

counts in 48 h marinated WBM (p < 0.001). 

In all cases, 24 h marination reduced TEC and M/Y viable counts. After 48 h of mari-

nating, TEC and M/Y was not detected in any of the WBMs. 

The variation in results observed across different treatments of samples can be at-

tributed to several factors inherent to the microbiological characteristics of marinated 

products, particularly those derived from natural sources. Firstly, the proliferation of Lac-

tobacillus, a crucial aspect of fermentation processes, is influenced by the capacity of LAB 

to extract energy from diverse advantageous compounds [55,66–68]. This metabolic activ-

ity is subject to environmental factors, such as food matrices and the presence of various 

interfering substances, which can significantly impact the survival and activity of specific 

LAB strains [69]. Studies on meat fermentation have reported a substantial increase in 

LAB viable counts, ranging from 3.00 to 4.00 log10CFU/mL in raw meat to as high as 8.00 

log10 CFU/mL [70–72]. Notably, both Lb. casei and Lb. uvarum have been found to effec-

tively inhibit enterobacteria and mold/yeast during the fermentation process [69]. Further-

more, Gargi and Sengun discovered that incorporating probiotics, such as Lacticaseibacillus 

rhamnosus, Lb. casei, Lactobacillus acidophilus or their combination, after marination resulted 

in a significant reduction of Salmonella typhimurium, Listeria monocytogenes and Escherichia 

coli O157:H7 on the meat sample’s surface [73]. The initial viable counts of these bacteria 

(on average, 6 log10 CFU/mL) decreased to the range of 0.8–2.0, 2.1–3.3 and 0.7–2.7 log10 

CFU/mL, respectively. Our previous studies showed that fruit/berry by-products, either 

individually [28] or in combination with selected LAB strains [24,26], have good antimi-

crobial properties. Fruits are a source of carbohydrates, organic acids, minerals, polyphe-

nols, water-soluble vitamins (vitamin C and B-complex vitamins), provitamin A, amino 

acids, aromatic compounds, carotenoids, fibers, phytosterols and other bioactive sub-

stances [74], and berries contain a large amount of phenolic compounds, such as phenolic 

acids, flavonoids (flavanols), anthocyanins, tannins and ascorbic acid [75]. It was reported 

that apples, particularly organic peel and wild apple pomace oil, exhibit antimicrobial ac-

tivity against numerous bacteria strains [76], including B. cereus and E. coli [77]. Apple’s 

compound phloretin shows antimicrobial properties inhibiting Gram-positive bacteria, in 

particular S. aureus ATCC 6538, L. monocytogenes ATCC 13932, methicillin-resistant S. au-

reus clinical strains, and S. typhimurium ATCC 13311 [78]. Miladinović et al. discovered 

that blackcurrant juices and extracts exhibited antimicrobial activity against a panel of 

foodborne and pathogenic microorganisms, and the most susceptible strains were L. mon-

ocytogenes and P. aeruginosa [79]. Kranz et al. reported that blackcurrant juice is very effi-

cient at suppressing bacteria [80]. Additionally, when various antimicrobial agents are 

used in combination, it is crucial to choose the most appropriate combination so that fa-

vorable outcomes or even synergism can take effect, because different compounds have 

different antimicrobial mechanisms towards pathogen inhibition [26,47]. 
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Table 1. Microbiological parameters (mean values ± standard errors) of broilers’ wooden breast 

meat. 

Microorganism (log10 CFU/mL)  

Samples  LAB TBC TEC M/Y 

WBM  3.98 ± 0.05 φ 5.06 ± 0.21 φ 3.87 ± 0.06 φ 3.69 ± 0.16 φ  

After 24 h of marinating  

WBM + Mp + Lc 6.35 ± 0.09 a,A,β 7.15 ± 0.07 c,A,β 3.54 ± 0.05 b,β 3.17 ± 0.10 ab,β 

WBM + Mp + Lc + ApBp 6.95 ± 0.10 cd,A,β 7.18 ± 0.01 c,A,β 3.47 ± 0.05 b,β 3.02 ± 0.09 a,β 

WBM + Mp + Lc + BcBp 7.01 ± 0.11 d,A,β 7.47 ± 0.01 d,A,β 3.16 ± 0.07 a,β 3.29 ± 0.10 b,β  

WBM + Mp + Lu 6.72 ± 0.08 bc,A,β 6.70 ± 0.05 b,A,β 3.22 ± 0.03 a,β  3.00 ± 0.07 a,β  

WBM + Mp + Lu + ApBp 6.59 ± 0.07 ab,A,β 6.18 ± 0.06 a,A,β 3.15 ± 0.09 a,β  3.25 ± 0.04 b,β  

WBM + Mp + Lu + BcBp 7.29 ± 0.11 e,A,β 6.90 ± 0.07 b,A,β 4.41 ± 0.10 c,φ 3.11 ± 0.09 ab,β  

After 48 h of marinating 

WBM + Mp + Lc 7.41 ± 0.06 a,B,β 7.41 ± 0.01 a,B,β nd nd 

WBM + Mp + Lc + ApBp 7.30 ± 0.11 a,B,β 7.67 ± 0.04 b,B,β nd nd 

WBM + Mp + Lc + BcBp 7.32 ± 0.10 a,B,β 7.83 ± 0.07 b,B,β nd nd 

WBM + Mp + Lu 7.19 ± 0.13 a,B,β 7.28 ± 0.10 a,B,β nd nd 

WBM + Mp + Lu + ApBp 7.25 ± 0.06 a,B,β 7.64 ± 0.07 b,B,β  nd nd 

WBM + Mp + Lu + BcBp 7.39 ± 0.05 a,B,β 7.73 ± 0.06 b,B,β nd nd 

LAB—lactic acid bacteria; TBC—total bacteria viable counts; TEC—total enterobacteria viable 

counts; M/Y—mold and yeast viable counts; CFU—colony-forming units; WBM—wooden breast 

meat; MP—milk permeate; Lc—Lc. casei; Lu—Liq. uvarum ; ApBp—apple by-products; BcBp—black-

currant by-products; nd—not detected; a–e Mean values followed by the different superscript letter 

in the column are significantly different (p ≤ 0.05) between treatment groups in the same time dura-

tion; A,B Mean values followed by the different superscript letter in the column are significantly dif-

ferent (p ≤ 0.05) between treatment groups in different marination durations; φ,β Mean values fol-

lowed by the different superscript letter in the column are significantly different from the control 

group (p ≤ 0.05); data expressed as the mean value (n = 3) ± standard error (SE). 

3.3. Chemical Composition and pH of Broilers’ Wooden Breast Meat 

The chemical composition and pH of WBM are tabulated in Table 2. In comparison 

with non-treated, in all cases, marinated WBM samples showed significantly lower pH 

(on average, by 2.21% after 24 h of marination and by 6.19% after 48 h of marination). 

Comparing the 24 h marinated WBM groups, the lowest pH was obtained with WBM + 

Mp + Lc + ApBp group; in the other groups (WBM + Mp + Lc + BcBp, WBM + Mp + Lu + 

ApBp, and WBM + Mp + Lu + BcBp) the pH was, on average, 5.81 ± 0.05. After 48 h of 

treatment, the WBM + Mp + Lc and WBM + Mp + Lu + BcBp groups showed the lowest 

pH values (on average, 5.33 ± 0.02). After 24 h of marination, the lowest DM was attained 

in WBM + Mp + Lc + ApBp samples (21.3 ± 0.36%). On average, by 22.2 ± 0.20% higher DM 

was established in WBM + Mp + Lc, WBM + Mp + Lu and WBM + Mp + Lu +ApBp samples. 

The highest DM was observed in WBM + Mp + Lu + BcBp group (on average, by 1.2% 

higher, in comparison with WBM + Mp + Lc, WBM + Mp + Lu and WBM + Mp + Lu + 

ApBp). 

The control sample’s DM was, on average, 3.3% higher, in comparison with 24 h 

marinated WBM and, on average, 2.2% higher, in comparison with 48 h marinated WBM. 

The pH and DM values of samples marinated for 24 h showed a significant positive cor-

relation (r = 0.779, p < 0.001). The type of fruit/berry industry by-product was a significant 

factor for DM content in 24 and 48 h marinated WBM (p < 0.001 and p = 0.013, respectively). 

In comparison of the 24 and 48 h marinated samples with the control, on average, 2.93 and 

1.97% lower PC was found in treated groups, respectively. After 24 h of treatment, WBM 

+ Mp + Lc + ApBp samples showed the lowest PC content (17.4 ± 0.23%) and PC in WBM 

+ Mp + Lc, WBM + Mp + Lc + BcBp, WBM + Mp + Lu, WBM + Mp + Lu + ApBp and WBM 

+ Mp + Lu + BcBp groups was, on average, 2.0, 1.7, 2.1, 1.4, and 1.0 higher in comparison 



Foods 2024, 13, 1367 10 of 25 
 

 

with WBM + Mp + Lc + ApBp, respectively. After 48 h of treatment, the WBM + Mp + Lu + 

ApBp group exhibited the highest PC (21.2 ± 0.14%) and PC in WBM + Mp + Lc, WBM + 

Mp + Lc + ApBp, WBM + Mp + Lc + BcBp, WBM + Mp + Lu and WBM + Mp + Lu + BcBp 

groups was, on average, 1.9, 1.5, 1.3, 2.1, and 2.0% lower in comparison with WBM + Mp 

+ Lu + ApB, respectively. The type of fruit/berry industry by-products was a significant 

factor for PC in WBM (p < 0.001). 

The stability of both meat and meat-derived products is intricately modulated by a 

multitude of variables, including, but not limited to, the specific composition and formu-

lation of the marinade employed, along with the intricacies of treatment and the prevail-

ing storage conditions [18,81,82]. Significant alterations in pH levels were discerned upon 

evaluating the impacts of the marination process. This is due to the fact that LAB can pro-

duce organic acids (among other compounds, for example CO2) which is, therefore, re-

lated to the environmental pH [83,84]. Xu et al., Yingying et al., Jing et al. and Fencioglu 

et al. detected a significant decrease in terms of pH value after the marination process 

[72,84–86]. DM changes occur due to the fact that the muscle tissue fluid possesses a lower 

ionic strength compared to the marinade solution, which enables the absorption of the 

marinade via osmotic processes until equilibrium is achieved [87]. Fencioglu et al. re-

vealed that the marination process with different types of vinegar (balsamic, pomegran-

ate, apple and grape) resulted in the absorption from 3.12 to 4.13% of the marinade liquids 

by the beef steak [85]. Furthermore, samples marinated with the probiotic Lacticaseibacillus 

casei exhibited high levels of satisfaction in terms of color, appearance, flavor and overall 

acceptability [73]. Wang et al. and Zhou et al. reported that proteins, the predominant 

compound of meat, undergo degradation and oxidation processes during the fermenta-

tion of meat [83,88]. The extent of reduction depended on the specific composition of the 

employed marinades. This was primarily due to marination and cooking-related factors, 

e.g., water evaporation, fat melting and protein loss [89]. Prolonged immersions of meat 

in marinating solutions can cause a significant protein loss in the liquid tissue, reaching 

up to 30% [90], thus diminishing the strength of the tissue structure. The degradation of 

numerous myofibrillar proteins through protein degradation, along with the reactive ox-

ygen species-induced protein oxidation that damages myofibrillar proteins and activates 

the proteasome, collectively enhances the degradation of structural proteins in muscle, 

consequently improving meat tenderness [83,88,91]. 

Table 2. Chemical Composition and pH (mean values ± standard errors) of Broilers’ Wooden Breast 

Meat. 

Samples pH DM, % PC, % FC, % AC, % 

WBM 5.89 ± 0.04 φ 25.7 ± 0.28 φ 21.7 ± 0.24 φ 2.51 ± 0.06 φ 1.47 ± 0.08 φ 

After 24 h of marinating 

WBM + Mp + Lc 5.75 ± 0.03 ab,B, β 22.3 ± 0.23 b,A,β 19.1 ± 0.25 cd,A,β 2.01 ± 0.11 a,A,β 1.19 ± 0.01 a,A,β 

WBM + Mp + Lc + ApBp 5.61 ± 0.06 a,A,β 21.3 ± 0.36 a,A,β 17.4 ± 0.23 a,A,β 2.52 ± 0.14 b,A φ 1.36 ± 0.18 ab,A,φ 

WBM + Mp + Lc + BcBp 5.81 ± 0.04 b,B,φ 23.4 ± 0.14 c,A,β 19.5 ± 0.33 cd,A,β 2.66 ± 0.10 b,A φ 1.22 ± 0.11 ab,A,β 

WBM + Mp + Lu 5.74 ± 0.07 ab,A,β 22.1 ± 0.26 b,A,β 18.8 ± 0.21 bc,A,β 2.00 ± 0.18 a,A,β 1.30 ± 0.05 ab,A,β 

WBM + Mp + Lu + ApBp 5.82 ± 0.05 b,B,φ 22.1 ± 0.12 b,A,β 18.4 ± 0.12 b,A,β 2.30 ± 0.14 ab,A,φ 1.38 ± 0.11 abA,φ 

WBM + Mp + Lu + BcBp 5.81 ± 0.06 b,B,φ 23.4 ± 0.42 c,A,β 19.4 ± 0.24 cd,A,β 2.38 ± 0.11 b,A φ 1.57 ± 0.20 b,A,φ 

After 28 h of marinating 

WBM + Mp + Lc 5.35 ± 0.02 a,A,β 23.1 ± 0.22 ab,B,β 19.3 ± 0.18 ab,A,β 2.50 ± 0.15 ab,B φ 1.29 ± 0.09 ab,A,φ 

WBM + Mp + Lc + ApBp 5.74 ± 0.09 c,A,β 23.6 ± 0.31 bc,B,β 19.7 ± 0.23 bc,B,β 2.75 ± 0.12 b,A φ 1.11 ± 0.12 a,A,β 

WBM + Mp + Lc + BcBp 5.64 ± 0.03 bc,A,β 24.2 ± 0.16 cd,A,β 19.9 ± 0.26 bc,A,β 3.16 ± 0.16 c,B,β 1.14 ± 0.07 ab,A,β 

WBM + Mp + Lu 5.71 ± 0.05 c,A,β 22.9 ± 0.24 a,B,β 19.1 ± 0.22 a,A,β 2.40 ± 0.19 ab,B, φ 1.42 ± 0.15 b,A,φ 

WBM + Mp + Lu + ApBp 5.58 ± 0.03 b,A,β 24.6 ± 0.19 d,B,β 21.2 ± 0.14 d,B,β 2.23 ± 0.13 a,A,φ 1.24 ± 0.09 ab,A,β 

WBM + Mp + Lu + BcBp 5.32 ± 0.02 a,A,β 22.9 ± 0.16 a,A,β 19.2 ± 0.16 ab,A,β 2.61 ± 0.17 ab,A φ 1.14 ± 0.13 ab,A,β 

WBM-wooden breast meat; Mp-milk permeate; Lc-Lc. casei; Lu-Liq. uvarum; ApBp-apple by-prod-

ucts; BcBp-blackcurrant by-products. DM-dry matter content; PC-protein content; FC-fat content; 
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AC-ash content; a–d Mean values followed by the different superscript letter in the column are sig-

nificantly different (p ≤ 0.05) between treatment groups for the same time duration; A,B Mean values 

followed by a different superscript letter in the column are significantly different (p ≤ 0.05) between 

treatment groups in different marination duration; φ,β Mean values followed by a different super-

script letter in the column are significantly different from the control group (p ≤ 0.05); data expressed 

as the mean value (n = 3) ± standard error (SE). 

3.4. Technological Characteristics of Broilers’ Wooden Breast Meat 

Marination led to a higher CL of WBM (on average, 11.1 and 13.5% higher, after 24 

and 48 h of marination, respectively). In comparison, CL of the 24 h marinated samples, 

WBM + Mp + Lu + BcBp exhibited the lowest values (on average, 24.9 ± 0.22%) (Table 3). 

Conversely, the highest CL was shown by the WBM + Mp + Lc + ApBp group (on average, 

38.8%), thus representing, on average, 5.9 and 2.8% higher values in comparison with 

WBM + Mp + Lu + BcBp and WBM + Mp + Lc + BcBp groups, respectively. In comparison 

with the CL of the 48 h marinated samples, the WBM + Mp + Lc group exhibited the high-

est values (on average, 35.0 ± 0.45%), while other samples showed lower CL (on average, 

5.3, 6.1, 2.4, 4.5 and 5.9% lower CL, respectively, in WBM + Mp + Lc + ApBp, WBM + Mp 

+ Lc + BcBp, WBM + Mp + Lu, WBM + Mp + Lu + ApBp and WBM + Mp + Lu + BcBp 

groups). The LAB strain used for marinade preparation was a statistically significant fac-

tor for 24 h marinated WBM CL (p = 0.039); the type of fruit/berry industry by-product 

was a significant factor for 24 and 48 h marinated WBM CL (p = 0.002 and p < 0.001, re-

spectively). A moderate negative correlation was established between 24 h marinated 

sample’s CL and DM values (r = −0.471, p < 0.01) and between CL and PC values (r = −0.557, 

p < 0.01). 

Marination led to WBM WHC reduction and, on average, 4.88 and 7.12% lower WHC 

were found in 24 and 48 h marinated samples, respectively, in comparison with non-

treated samples. The WBM + Mp + Lc + BcBp group exhibited the lowest WHC (58.1 ± 

2.3%) after 24 h of marination. In contrast, WHC values of WBM + Mp + Lc, WBM + Mp + 

Lc + ApBp, WBM + Mp + Lu, WBM + Mp + Lu + ApBp and WBM + Mp + Lu + BcBp groups 

were higher (on average, by 4.60, 3.2, 6.30, 7.10, and 5.90%, respectively), in comparison 

with WBM + Mp + Lc + BcBp. After 48 h of marination, the highest WHC was attained in 

WBM + Mp + Lu samples (66.0 ± 0.9%), indicating, on average, 5.62% higher values in 

comparison with other treated groups. The LAB strain used for marinade preparation was 

a statistically significant factor for WBM WHC (p < 0.001). Positive moderate and strong 

correlations were found between WHC and PC values in 24 and 48 h marinated WBM (r 

= 0.568, p < 0.01 and r = 0.689, p < 0.001, respectively). 

In comparison with non-marinated, 24 h treated samples showed, on average, 8.80%, 

and 48 h treated, on average, 8.72% higher DL. WBM + Mp + Lc and WBM + Mp + Lu + 

ApBp groups exhibited the lowest DL after 24 h of marination (on average, 6.66 ± 0.09%). 

After 48 h of marination, the lowest DL was found for WBM + Mp + Lc + BcBp, WBM + 

Mp + Lu and WBM + Mp + Lu + ApBp groups (averaging 6.52 ± 0.14%). In contrast, the 

WBM + Mp + Lc, WBM + Mp + Lc + ApBp and WBM + Mp + Lu + BcBp groups exhibited, 

on average, 2.30, 5.98 and 5.18%, respectively, higher DL in comparison with WBM + Mp 

+ Lc + BcBp, WBM + Mp + Lu and WBM + Mp + Lu + ApBp groups. A strong negative 

correlation was found between WBM pH and DL (r = −0.692, p < 0.001). Besides, a positive 

correlation was established between 24 h marinated WBM DL and PC values (r = 0.630, p 

< 0.001). 

The treatment has an impact on the variation in findings shown for each component 

examined. Significant changes in technological and sensory qualities, such as pH levels, 

cooking loss (CL), and shear force (SF), are caused by the myopathy that primarily affects 

meat quality [92–95]. There are two possible outcomes when meat’s pH is changed away 

from its isoelectric point: either an increase or decrease in water holding capacity (WHC). 

Raising the final pH is one way to counteract the detrimental effects of anomalies in broiler 

meat on the quality of the raw meat, but also makes it more difficult for the meat to absorb 
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marinade solutions and hold moisture while cooking [4,96]. Research data from Xing et 

al. indicated a CL of about 17% in untreated WBM [12]. In contrast, studies undertaken by 

Mudalal et al., Madruga et al. and Zotte et al. reported higher percentages, ranging from 

21–28% in terms of CL [4,14,97]. Gómez-Salazar et al. and Singh et al. observed that WHC 

is influenced by the composition of marinating solutions and the injection method used 

[98,99]. Samples subjected to fermentation and in which distinct marinade compositions, 

were employed displayed significantly reduced WHC. Many research studies have indi-

cated that uncooked WBMs exhibit reduced WHC and elevated hardness [10,15,96]. In 

agreement with our studies, Mozuriene et al. discovered that pork meat marination (24 h) 

with lacto-fermented marinade lowered the WHC and, thus, increased cooking loss [23]. 

Latoch et al. reported that marinating pork steaks in fermented dairy products (kefir, yo-

gurt and buttermilk) typically enhances the tenderness of meat, resulting in decreased 

hardness, particularly when cooked at temperatures of 60 or 80 °C for 6 h [100]. Zavista-

naviciute et al. reported that incorporating Lb. casei and Liq. uvarum into marinades con-

taining berry and fruit industry by-products resulted in enhanced WHC and increased 

overall acceptability of lamb meat [28]. 

Table 3. Technological characteristics (mean values ± standard errors) of broilers’ wooden breast 

meat. 

Parameter 

Samples CL, % WHC, % SF, kg cm−2 DL, % 

WBM 17.43 ± 0.12 φ 67.5 ± 0.20 φ 1.85 ± 0.16 φ 2.09 ± 0.09 φ 

After 24 h of marinating 

WBM + Mp + Lc 30.2 ± 0.57 cd,A,β 62.7 ± 1.1 b,B, β 1.64 ± 0.13 a,A, φ 6.75 ± 0.12 a,A, β 

WBM + Mp + Lc + ApBp 30.8 ± 0.88 d,A,β 61.3 ± 0.7 b,A,β 1.67 ± 0.09 a,A,φ 13.4 ± 0.14 d,B,β 

WBM + Mp + Lc + BcBp 28.0 ± 0.21 b,A,β 58.1 ± 2.3 a,A,β 1.68 ± 0.10 a,A,φ 8.04 ± 0.16 b,B,β 

WBM + Mp + Lu 28.6 ± 0.96 bc,A,β 64.4 ± 2.0 b,A, β  1.71 ± 0.13 a,A, φ 8.86 ± 0.09 c,B,β 

WBM + Mp + Lu + ApBp 28.7 ± 0.29 bc,A,β  65.2 ± 1.7 b,B, β  1.76 ± 0.11 a,Aφ 6.57 ± 0.06 a,A,β 

WBM + Mp + Lu + BcBp 24.9 ± 0.22 a,A,β 64.0 ± 1.6 b,B,β 1.70 ± 0.08 a,A, φ 9.15 ± 0.16 c,A,β 

After 48 h of marinating 

WBM + Mp + Lc 35.0 ± 0.45 d,B, β 58.2 ± 1.4 a,A,β 1.62 ± 0.07 a,A, φ 8.55 ± 0.6 b,B,β 

WBM + Mp + Lc + ApBp 29.7 ± 0.57 ab,A,β 60.8 ± 1.4 a,A,β 1.66 ± 0.10 a,A, φ 12.5 ± 0.10 d,A,β 

WBM + Mp + Lc + BcBp 28.9 ± 0.27 a,B ,β 58.7 ± 2.5 a,A,β 1.65 ± 0.05 a,A, φ 6.25 ± 0.14 aA,β 

WBM + Mp + Lu 32.6 ± 0.62 c,B, ,β 66.0 ± 0.9 b,A,β  1.67 ± 0.07 a,A, φ 6.42 ± 0.16 a,A,β 

WBM + Mp + Lu + ApBp 30.5 ± 0.85 b,B,β 59.0 ± 0.9 a,A,β 1.65 ± 0.04 a,A, φ 6.88 ± 0.13 a,B,β 

WBM + Mp + Lu + BcBp 29.1 ± 0.46 ab,B, β 59.1 ± 1.5 a,A,β 1.63 ± 0.06 a,A, φ 11.7 ± 0.09 c,B,β 

WBM-wooden breast meat; Mp-milk permeate; Lc-Lc. casei; Lu-Liq. uvarum; ApBp-apple by-prod-

ucts; BcBp-blackcurrant by-products; CL-cooking loss; DL-drip loss; WHC-water holding capacity; 

SF-shear force; a–d Mean values followed by a different superscript letter in the column are signifi-

cantly different (p ≤ 0.05) between treatment groups for the same time duration; A,B Mean values 

followed by a different superscript letter in the column are significantly different (p ≤ 0.05) between 

treatment groups for different marination durations; φ,β Mean values followed by a different super-

script letter in the column are significantly different from the control group (p ≤ 0.05); data expressed 

as mean value (n = 3) ± standard error (SE). 

3.5. Biogenic Amines’ Concentration in Marinated Broilers’ Wooden Breast Meat 

The results of BA content in WBM are presented in Table 4. TRY, CAD and HIS were 

not detected in WBM. After 24 and 48 h of treatment, WBM samples demonstrated an 

absence of detectable PUTR, in contrast to the control group. In comparison with non-

marinated WBM, 24 h treated WBM + Mp + Lc + ApBp, WBM + Mp + Lc + BcBp, WBM + 

Mp + Lu and WBM + Mp + Lu + BcBp groups showed, on average, 23.4 % lower PHE 

concentration. After 48 h of marination, the WBM + Mp + Lu, WBM + Mp + Lu + ApBp, 

and WBM + Mp + Lu + BcBp groups disclosed, on average, 40.5 % lower PHE content, in 
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comparison with the control group. The lowest PHE concentration was found in the 24 h 

marinated WBM + Mp + Lu group (5.86 ± 0.27 mg/kg). The LAB strain used for marinade 

preparation was a statistically significant factor for PHE concentration in WBM (p < 0.001). 

In comparison with the control group, WBM + Mp + Lc + ApBp, WBM + Mp + Lc + 

BcBp, WBM + Mp + Lu and WBM + Mp + Lu + ApBp samples exhibited, on average, 38.4 

% lower TYR concentration after 24 h of marination. Also, 48 h marinated WBM + Mp + 

Lc, WBM + Mp + Lc + ApBp, WBM + Mp + Lu + ApBp and WBM + Mp + Lu + BcBp samples 

exhibited, on average, 67.4 % lower TYR content, in comparison with control group. Pos-

itive very strong correlation was found between 48 h marinated WBM pH and TYR con-

centration (r = 0.813, p < 0.001). The type of fruit/berry industry by-product was a statisti-

cally significant factor for TYR concentration in 24 h marinated WBM (p = 0.026). After 24 

h of marination, the WBM + Mp + Lu group showed the lowest SPRMD content (20.0 ± 

0.28 mg/kg). After 48 h of marination, SPRMD was not detected in the WBM + Mp + Lu, 

WBM + Mp + Lu + ApBp and WBM + Mp + Lu + BcBp groups. The LAB strain used for 

marinade preparation was a statistically significant factor in SPRMD concentration in 

marinated WBM samples (p < 0.001). 

In comparison with non-treated samples, 24 h marinated WBM showed, on average, 

19.65 % lower SPRM content, and the lowest content was found in 24 h marinated WBM 

+ Mp + Lu + ApBp samples (46.4 ± 0.77 mg/kg). Marination for 48 h reduced SPRM con-

centration in most of the WBMs (on average, by 53.50 ± 0.84 mg/kg, except WBM + Mp + 

Lc group). The lowest SPRM concentration was established in WBM + Mp + Lu + BcBp 

(46.2 ± 0.84 mg/kg). The LAB strain used for marinade preparation was a statistically sig-

nificant factor for SPRM formation in 24 and 48 h marinated WBM (p < 0.001). 

In fermented meat, the predominant BAs are TYR, CAD, PUTR and, to a lesser extent, 

HIS [30,101]. The accumulation of BAs in foods is contingent upon the availability of pre-

cursors, such as free amino acids [102–104], the presence of decarboxylase-positive non-

starter microbiota, the composition of food, pH, ion strength and water activity of the raw-

material, and conditions that favor the bacterial growth during food processing and stor-

age [30,101,104–108]. As the pH decreases, there is an escalation in decarboxylase activity, 

leading to an increased production of BAs [101]. A number of techniques, including addi-

tives, bacterial starting cultures, oxidizing BAs, and temperature control, can be used to 

reduce the levels of BAs [109,110]. BA generation is influenced by fermentation and/or 

marination technique (marinade composition, process length, temperature, etc.) [111–

113]. It has been documented that LAB treatment affects CAD and SPRM levels [114]. 

Through their competitive action against natural microbiota, starter cultures have been 

shown in numerous studies to have a role in lowering the accumulation of BAs in meat 

products [115–117]. The addition of Staphylococcus xylosus and Lactiplantibacillus plantarum 

effectively reduced TRY, PHE, PUTR, CAD, HIS and TYR by nearly 100, 100, 86, 63, 82, 

and 43%, respectively [116]. It was revealed, that Lp. plantarum is likely to reduce BA con-

tent through the action of BA oxidase and the inhibition of amine-producing microorgan-

isms, which is facilitated by bacteriocin and other antibacterial metabolites [118]. Some 

strains of Latilactobacillus sakei subsp. sakei and Lactiplantibacillus planatarum have been 

shown to reduce the formation/accumulation of BAs [119]. 

Table 4. Biogenic amine content (mean values ± standard errors) (mg/kg) in broilers’ wooden breast 

meat. 

Biogenic Amines, mg/kg 

 TRY PHE PUTR CAD HIS TYR SPRMD SPRM 

WBM nd 8.19 ± 0.17 φ 28.7 ± 0.61 φ nd nd 16.8 ± 0.74 φ 29.13 ± 0.77 φ 65.63 ± 2.05 φ 

After 24 h of marinating 

WBM + Mp + Lc nd 8.47 ± 0.12 c,B, β nd nd nd 16.8 ± 0.25 e,B,φ 41.5 ± 0.47 e,B,β 54.5 ± 0.55 c,A,β 

WBM + Mp + Lc + ApBp nd 6.35 ± 0.28 ab,B, β nd nd nd 11.3 ± 0.30 c,B,β 31.6 ± 0.56 c,B,β 60.8 ± 0.87 d,B,β 

WBM + Mp + Lc + BcBp nd 6.69 ± 0.13 b,B,β nd nd nd 12.5 ± 0.19 d,A,β 35.1 ± 0.51 d,B,β 55.2 ± 0.94 c,A,β 

WBM + Mp + Lu nd 5.86 ± 0.27 a,A,β nd nd nd 9.17 ± 0.17 b,A,β 20.0 ± 0.28 a,A,β 49.0 ± 0.67 b,A,β 
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WBM + Mp + Lu + ApBp nd 8.03 ± 0.15 c,A,φ nd nd nd 8.44 ± 0.09 a,A,β 30.5 ± 0.36 c,A,β 46.4 ± 0.77 a,A,β 

WBM + Mp + Lu + BcBp nd 6.19 ± 0.19 ab,A,β nd nd nd 18.6 ± 0.12 f,B,β 27.2 ± 0.37 b,A,β 50.5 ± 0.45 b,B,β 

After 48 h of marinating 

WBM + Mp + Lc nd 5.85 ± 0.17 b,A,β nd nd nd 14.9 ± 0.47 c,A,β 32.2 ± 0.96 c,A,β 66.8 ± 0.95 d,B,φ 

WBM + Mp + Lc + ApBp nd 4.34 ± 0.13 a,A,β nd nd nd 6.58 ± 0.19 a,A,β 19.4 ± 0.58 a,A,β 57.6 ± 0.99 c,A,β 

WBM + Mp + Lc + BcBp nd 4.42 ± 0.13 a,A,β nd nd nd nd 24.0 ± 0.71 b,A,β 57.7 ± 0.82 c,B,β 

WBM + Mp + Lu nd nd nd nd nd nd nd 52.2 ± 0.87 b,B,β 

WBM + Mp + Lu + ApBp nd nd nd nd nd 9.64 ± 0.28 b,B,β nd 53.8 ± 0.67 b,B,β 

WBM + Mp + Lu + BcBp nd nd nd nd nd 14.2 ± 0.42 c,A,β nd 46.2 ± 0.84 a,A,β 

WBM-wooden breast meat; Mp-milk permeate; Lc-Lc. casei; Lu-Liq. uvarum ; ApBp-apple by-prod-

ucts; BcBp-blackcurrant by-products; TRY-tryptamine; PHE-phenylethylamine; PUTR-putrescine; 

CAD-cadaverine; HIS-Hystamine; TYR-tyramine; SPRMD-spermidine; SPRM-spermine; nd-not de-

tected; a–f Mean values followed by ta different superscript letter in the column are significantly dif-

ferent (p ≤ 0.05) between treatment groups for the same time duration; A,B Mean values followed by 

a different superscript letter in the column are significantly different (p ≤ 0.05) between treatment 

groups for different marination duration; φ,β Mean values followed by a different superscript letter 

in the column are significantly different from the control group (p ≤ 0.05); data expressed as mean 

value (n = 3) ± standard error (SE). 

3.6. Fatty Acid Profile of Broilers’ Wooden Breast Meat 

The saturated fatty acid (SFA) profile (% of total fatty acid content) of marinated and 

control WBM is depicted in Table 5. The control group showed the highest SFA content 

(33.2%), in comparison to 24 and 48 h marinated groups (on average, by 2.91 and 2.91% 

lower, respectively). After 24 h of treatment, the SFA content was significantly the lowest 

in WBM + Mp + Lc + ApBp and WBM + Mp + Lc + BcBp groups, averaging 29.6 ± 0.32% 

compared to WBM + Mp + Lc and WBM + Mp + Lu groups. 

Stearic acid (C18:0) and palmitic acid (C16:0) were the predominant SFAs in WBM. 

The control group showed the highest content of C16:0 (23.9%). However, after 24 and 48 

h of treatment, C16:0 content was, on average, 2.93 and 2.52% lower, respectively. After 24 

h of treatment, the WBM + Mp + Lc and WBM + Mp + Lc + ApBp groups had the lowest 

C16:0 content (on average, 20.1 ± 0.16%). In contrast, the WBM + Mp + Lc + BcBp, WBM + 

Mp + Lu, WBM + Mp + Lu + ApBp and WBM + Mp + Lu + BcBp groups showed, on aver-

age, 1.81, 2.10, 0.62 and 0.78% higher C16:0 content, respectively, in comparison with 

WBM + Mp + Lc and WBM + Mp + Lc + ApBp sample groups with 24 h of marination. 

After 48 h of marination, the lowest content of C16:0 was found in WBM + Mp + Lc and 

WBM + Mp + Lu + ApBp (20.57 ± 0.18%), and in WBM + Mp + Lc + ApBp, WBM + Mp + Lc 

+ BcBp, WBM + Mp + Lu and WBM + Mp + Lu + BcBp groups, with values 0.32%, 1.84%, 

1.84% and 0.79% higher, respectively, in comparison with WBM + Mp + Lc. 

The LAB strain, used for marinade preparation, was a statistically significant factor 

for C12:0 (p < 0.001), C14:0 (p < 0.001), C15:0 (p = 0.008), C17:0 (p = 0.004) and C18:0 (p = 

0.022) content in 24 h marinated WBM, and for C12:0 (p < 0.001), C14:0 (p < 0.001), C15:0 

(p = 0.010) and C17:0 (p = 0.003) content in 48 h marinated WBM. Besides, the type of 

fruit/berry industry by-product was a significant factor for SFA content in WBM (p < 

0.001). 
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Table 5. Saturated fatty acid profile (mean values ± standard errors) (% of total fatty acid content) of broilers’ wooden breast meat. 

Fatty Acid (% of Total Fatty Acid Content) 

Samples C12:0 C14:0 C15:0 C16:0 C17:0 C18:0 C20:0 C21:0 SFA 

WBM 0.500 ± 0.041 φ  0.599 ± 0.041 φ 0.059 ± 0.024 φ 23.89 ± 0.12 φ 0.126 ± 0.024 φ 8.02 ± 0.41 φ 0.051 ± 0.031 φ  0.088 ± 0.080 φ  33.34 ± 0.87 φ 

After 24 h of marinating 

WBM + Mp + Lc 0.251 ± 0.030 a,A,β 0.582 ± 0.030 a,A,φ 0.228 ± 0.122 ab,A,φ 20.15 ± 0.31 a,A,β 0.296 ± 0.101 a,A,β 9.64 ± 1.33 c,A,φ 0.066 ± 0.021 a,A,φ 0.144 ± 0.020 a,A, φ 31.37 ± 0.28 b,A,β 

WBM + Mp + Lc + ApBp 0.095 ± 0.021 a,A,β 0.828 ± 0.074 b,B,β 0.149 ± 0.065 a,A,φ 19.99 ± 0.05 a,A,β 0.175 ± 0.056 ab,A,φ 8.45 ± 0.04 ab,B,φ 0.059 ± 0.018 a,A,φ 0.125 ± 0.035 a,A, φ 29.88 ± 0.50 a,A,β 

WBM + Mp + Lc + BcBp 0.120 ± 0.014 a,A,β 0.529 ± 0.040 a,A,φ 0.058 ± 0.041 a,A,φ 21.88 ± 0.05 c,A,β 0.143 ± 0.075 ab,A,φ 6.48 ± 0.22 a,A,β 0.046 ± 0.014 a,A,φ 0.138 ± 0.018 a,A, φ 29.39 ± 0.14 a,A,β 

WBM + Mp + Lu 0.905 ± 0.100 b,A,β 1.19 ± 0.08 c,B,β 0.049 ± 0.010 a,A,φ 22.17 ± 0.08 c,A,β 0.054 ± 0.016 a,A,β 6.75 ± 0.14 a,A,β 0.028 ± 0.01 a,A,φ 0.138 ± 0.041 a,A, φ 31.28 ± 0.24 b,A,β 

WBM + Mp + Lu + ApBp 1.11 ± 0.110 c,B,β 1.29 ± 0.01 c,B,β 0.039 ± 0.017 a,A,φ 20.69 ± 0.06 b,A,β 0.094 ± 0.055 a,A,φ 6.98 ± 0.15 ab,A,β 0.024 ± 0.014 a,A,φ 0.087 ± 0.018 a,A,φ 30.32 ± 0.11 ab,Aβ 

WBM + Mp + Lu + BcBp 1.02 ± 0.094 bc,A,β 1.21 ± 0.13 c,A,β 0.029 ± 0.011 a,A,φ 20.85 ± 0.11 b,A,β 0.091 ± 0.014 a,A,β 6.92 ± 0.11 ab,A,β 0.055 ± 0.011 a,A,φ 0.116 ± 0.014 a,A, φ 30.28 ± 0.54 ab,A,β 

After 48 h of marinating 

WBM + Mp + Lc 0.228 ± 0.020 b,A,β 0.401 ± 0.111 a,A,φ 0.200 ± 0.101 a,A,φ 20.48 ± 0.26 a,A,β 0.153 ± 0.021 a,A,φ 9.47 ± 1.48 b,A,φ 0.060 ± 0.008 b,A,φ 0.221 ± 0.080 a,A,φ 31.21 ± 0.79 bc,A,β 

WBM + Mp + Lc + ApBp 0.073 ± 0.044 a,A,β 0.496 ± 0.121 ab,A,φ 0.120 ± 0.015 ab,A, β 20.89 ± 0.05 b,B,β 0.128 ± 0.078 a,A,φ 7.67 ± 0.08 a,A,φ 0.031 ± 0.005 a,A,φ 0.162 ± 0.041 a,A,φ 29.57 ± 0.32 a,A,β 

WBM + Mp + Lc + BcBp 0.120 ± 0.081 ab,A,β 0.595 ± 0.094 ab,A,φ 0.031 ± 0.017 a,A,φ 22.41 ± 0.04 d,B,β 0.148 ± 0.078 a,A,φ 6.43 ± 0.09 a,A,β 0.031 ± 0.004 a,A,φ 0.154 ± 0.040 a,A,φ 29.92 ± 0.72 ab,A,β 

WBM + Mp + Lu 0.661 ± 0.030 c,A,β 0.780 ± 0.150 bc,A,φ 0.020 ± 0.014 a,A,φ 22.41 ± 0.08 d,B,β 0.050 ± 0.023 a,A,β 7.16 ± 0.08 a,B,φ 0.027 ± 0.005 a,A,φ 0.120 ± 0.022 a,A,φ 31.23 ± 0.10 c,A,β 

WBM + Mp + Lu + ApBp 0.732 ± 0.090 cd,A,β 1.07 ± 0.07 cd,A,β 0.040 ± 0.018 a,A,φ 20.65 ± 0.09 a,A,β 0.085 ± 0.021 a,A,φ 6.69 ± 0.01 a,A,β 0.025 ± 0.003 a,A,φ 0.148 ± 0.074 a,A,φ 29.44 ± 0.21 a,A,β 

WBM + Mp + Lu + BcBp 0.864 ± 0.024 d,A,β 1.15 ± 0.13 d,A,β 0.024 ± 0.014 aA,φ 21.36 ± 0.05 c,B,β 0.082 ± 0.006 a,A, φ 7.51 ± 0.04 a,B,φ 0.056 ± 0.012 b,A,φ 0.128 ± 0.025 a,A, φ 31.18 ± 0.23 ab,A,β 

WBM-wooden breast meat; Mp-milk permeate; Lc-Lc. casei; Lu-Liq. uvarum; ApBp-apple by-products; BcBp-blackcurrant by-products; 12:0-dodecanoic acid; C14:0-

tetradecanoic acid; C15:0-pentadecanoic acid; C16:0-hexadecanoic acid; C17:0-heptadecanoic acid; C18:0-octadecanoic acid; C20:0-eicosanoic acid; C21:0-heneico-

sanoic acid; SFA-saturated fatty acids. a–d Mean values followed by a different superscript letter in the column are significantly different (p ≤ 0.05) between treatment 

groups for the same time duration; A,B Mean values followed by a different superscript letter in the column are significantly different (p ≤ 0.05) between treatment 

groups for different marination duration; φ,β Mean values followed by a different superscript letter in the column are significantly different from the control group 

(p ≤ 0.05); data expressed as mean value (n = 3) ± standard error (SE). 
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Table 6 displays the monounsaturated fatty acid (MUFA) profile (% of total fatty acid 

content) of WBM samples. The predominant MUFAs were oleic acid (C18:1 ω9), pal-

mitoleic acid (C16:1 ω7) and trans-vaccenic acid (C18:1 trans ω7). In 24 h marinated WBM 

samples, the C18:1 ω9 content was, on average, 0.97 % higher in WBM +Mp + Lc, WBM 

+Mp + Lc + ApBp, WBM +Mp + Lc + BcBp, WBM +Mp + Lu and WBM +Mp + Lu + BcBp, 

in comparison with control samples. In 48 h marinated WBM samples, the C18:1 ω9 con-

tent was, on average, 1.34 % higher in WBM + Mp + Lc + ApBp, WBM + Mp + Lc + BcBp, 

WBM + Mp + Lu, and WBM +Mp + Lu + ApBp groups, in comparison with the control 

WBM. The highest C18:1 ω9 content was found in WBM + Mp + Lc + BcBp group (in 24 

and 48 h marinated samples, 36.6 ± 0.05 and 36.1 ± 0.03 %, respectively). The lowest content 

of C18:1 trans ω7 was found in the WBM + Mp + Lu + BcBp group (1.55 ± 0.01 %). After 24 

h of marination, C18:1 trans ω7 content was, on average, 0.32 % lower, in comparison with 

the control. Following 48 h of marination, C18:1 trans ω7 content was, on average, 0.37 % 

higher in the control group, when compared to the WBM + Mp + Lc, WBM + Mp + Lc + 

ApBp, WBM + Mp + Lu + ApBp and WBM + Mp + Lu + BcBp groups. The LAB strain used 

for marinade preparation was a statistically significant factor for C14:1 (p = 0.043), C18:1 

ω9 (p = 0.039) and C18:1trans ω7 (p = 0.005) content in WBM FA profile after 24 h of mari-

nation, and for C14:1 (p = 0.002) after 48 h of marination. Besides, the type of fruit/berry 

industry by-product was a significant factor for MUFA (p = 0.006) and C18:1 ω9 (p = 0.002) 

contents in 24 h marinated WBM. 

Table 6. Monounsaturated fatty acid profile (mean values ± standard errors) (% of total fatty acid 

content) of broilers’ wooden breast meat. 

Fatty Acid (% of Total Fatty Acid Content) 

Samples C14:1 C16:1 ω7 C18:1 ω9 C18:1trans ω7 C20:1 ω7 MUFA 

WBM 0.085 ± 0.010 φ 4.21 ± 0.21 φ  33.94 ± 0.04 φ 1.87 ± 0.03 φ  0.256 ± 0.028 φ 40.36 ± 0.26 φ 

After 24 h of marinating 

WBM + Mp + Lc 0.001 ± 0.001 a,A,β 2.51 ± 0.01 a,A,β 34.25 ± 0.04 b,B,β 2.14 ± 0.11 ab,B,β 0.225 ± 0.017 a,A,φ 39.12 ± 0.28 ab,B,β 

WBM + Mp + Lc + ApBp 0.024 ± 0.002 b,B,β 2.53 ± 0.00 a,A,β 34.65 ± 0.03 c,A,β 1.84 ± 0.05 ab,B,φ 0.238 ± 0.001 a,A,φ 39.29 ± 0.39 ab,A,β 

WBM + Mp + Lc + BcBp 0.075 ± 0.015 c,B,φ 4.51 ± 0.25 c,A,φ 36.64 ± 0.05 d,B,β 2.25 ± 0.06 b,B,φ 0.305 ± 0.002 b,A,φ 43.78 ± 0.11 d,B,β 

WBM + Mp + Lu 0.068 ± 0.006 c,B,φ 4.20 ± 0.21 c,A,φ 34.27 ± 0.06 b,A,β 1.77 ± 0.04 ab,A,β 0.255 ± 0.012 a,A,φ 40.56 ± 0.27 c,A,φ 

WBM + Mp + Lu + ApBp 0.074 ± 0.002 c,B,φ 3.03 ± 0.00 b,A,β 33.93 ± 0.11 a,A,φ 1.74 ± 0.05 ab,B,β 0.246 ± 0.016 a,A,φ 39.02 ± 0.05 a,A,β 

WBM + Mp + Lu + BcBp 0.040 ± 0.003 b,A,β 3.15 ± 0.01 b,B,β 34.73 ± 0.02 c,B,β 1.55 ± 0.01 a,B,β 0.213 ± 0.034 a,A,φ 39.69 ± 0.04 b,B,β 

After 48 h of marinating 

WBM + Mp + Lc 0.001 ± 0.001 a,A,β 2.64 ± 0.01 a, B,β 33.85 ± 0.18 a,A,φ 1.39 ± 0.02 a,A,β 0.280 ± 0.032 bc,B,φ 38.16 ± 0.19 a,A,β 

WBM + Mp + Lc + ApBp 0.007 ± 0.002 b,A,β 2.97 ± 0.02 b,B,β 34.68 ± 0.04 b,A,β 1.66 ± 0.08 b,A, β 0.232 ± 0.013 ab,A,φ 39.55 ± 0.44 b,A,φ 

WBM + Mp + Lc + BcBp 0.006 ± 0.001 ab,A,β 4.42 ± 0.21 d,A,φ 36.10 ± 0.03 d,A,β 1.90 ± 0.02 c,A,φ 0.361 ± 0.009 d,B,β 42.79 ± 0.16 d,A,β 

WBM + Mp + Lu 0.010 ± 0.003 b,A,β 4.05 ± 0.02 c,A,φ 34.97 ± 0.06 c,B,β 1.94 ± 0.17 c,A,φ 0.306 ± 0.005 c,B,φ 41.27 ± 0.24 c,B, β 

WBM + Mp + Lu + ApBp 0.011 ± 0.003 b,A,β 3.06 ± 0.01 b,A,β 34.67 ± 0.02 b,B,β 1.57 ± 0.04 b,A, β 0.303 ± 0.004 c,B,β 39.60 ± 0.22 b,B,β 

WBM + Mp + Lu + BcBp 0.008 ± 0.001 b,B,β 2.83 ± 0.01 ab,A,β 33.85 ± 0.11 a,A, φ 1.40 ± 0.03 a,A,β 0.214 ± 0.031 a,A,φ 38.30 ± 0.24 a,A,β 

WBM-wooden breast meat; Mp-milk permeate; Lc-Lc. casei; Lu-Liq. uvarum; ApBp-apple by-prod-

ucts; BcBp-blackcurrant by-products; C14:1-tetradecenoic acid; C16:1 ω7-cis-9-hexadecenoic acid; 

C18:1 ω9-cis-9-octadecenoic acid; C18:1 trans ω7-trans-11-octadecenoic acid; C20:1 ω7-cis-13-ei-

cosenoic acid; MUFA-monounsaturated fatty acids. a–d Mean values followed by a different super-

script letter in the column are significantly different (p ≤ 0.05) between treatment groups for the same 

time duration; A,B Mean values followed by a different superscript letter in the column are signifi-

cantly different (p ≤ 0.05) between treatment groups for different marination duration; φ,β Mean val-

ues followed by a different superscript letter in the column are significantly different from the con-

trol group (p ≤ 0.05); data expressed as mean value (n = 3) ± standard error (SE). 

Contrasting with non-marinated and treated samples, higher polyunsaturated fatty 

acid (PUFA) content was found in 24 and 48 h marinated samples (3.04 and 3.33 %, respec-

tively) (Table 7). After 24 h of marination, the highest PUFA content (on average, 30.74 ± 

0.11 %) was found in WBM + Mp + Lc + ApBp and WBM + Mp + Lu + ApBp groups. How-

ever, after 48 h of treatment, the highest PUFA content was found in WBM + Mp + Lu + 
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ApBp group (on average, 30.03 ± 0.19 %). Linoleic acid (C18:2 ω6) and α-linolenic acid 

(C18:3α ω3) were the predominant PUFAs in WBM. Furthermore, dihomo-gamma-lino-

lenic acid C20:3 ω6, arachidonic acid C20:4 ω6 and eicosapentaenoic acid C20:5 ω3, three 

highly unsaturated fatty acids (HUFA), were found in WBM. The highest levels of HUFA 

were found in the WBM + Mp + Lc and WBM + Mp + Lu groups (on average, 0.86 ± 0.18%).  

In comparison with the control samples, 24 and 48 h marinated WBM showed, on 

average, 3.05 and 3.27% higher C18:2 ω6 content, respectively. After 24 h of marination, 

the highest C18:2 ω6 concentration was found in WBM + Mp + Lc + ApBp group (28.8 ± 

0.05%), which was, on average, 1.84% higher than that in WBM + Mp + Lc, WBM + Mp + 

Lc + ApBp, WBM + Mp + Lu, WBM + Mp + Lu + ApBp and WBM + Mp + Lu + BcBp groups. 

In comparison, 48 h marinated samples, WBM + Mp + Lc + ApBp and WBM + Mp + Lu + 

ApBp showed the highest C18:2 ω6 content (on average, 28.7 ± 0.03%). 

The type of fruit/berry industry by-product was a statistically significant factor for 

C18:2 ω6 (p = 0.003), C18:3α ω3 (p = 0.009), C20:3 ω6 (p = 0.012), C20:4 ω6 (p = 0.019) and 

PUFA (p = 0.006) content in 24 h marinated samples. Moreover, the type of fruit/berry 

industry by-product was a significant factor for C18:2 ω6 (p = 0.033), C18:3α ω3 (p < 0.001), 

C18:3γ ω6 (p < 0.001) and PUFA (p = 0.050) content in 48 h marinated samples. The LAB 

strain, used for marinades preparation, was a statistically significant factor for C18:3γ ω6 

(p = 0.012), C20:3 ω6 (p = 0.035), C20:4 ω6 (p = 0.030) and C20:5 ω3 (p < 0.001) contents after 

24 h, and C20:3 ω6 (p = 0.008), C20:4 ω6 (p < 0.001) and C20:5 ω3 (p = 0.042) contents in 48 

h marinated WBM. 

Table 7. Polyunsaturated fatty acid profile (mean values ± standard errors) (% of total fatty acid 

content) in broilers’ wooden breast meat. 

Fatty acid (% of total fatty acid content) 

Samples C18:2 ω6 C18:3α ω3 C18:3γ ω6 C20:2 ω6 C20:3 ω6 C20:4 ω6 C20:5 ω3 PUFA 

WBM 
24.20 ± 0.05 

a,A,φ 

1.059 ± 0.023 
c,A,φ 

0.301 ± 0.030 
b,A,φ 

0.095 ± 0.007 
a,A,φ 

0.123 ± 0.012 
a,A,φ 

0.461 ± 0.010 
b,A,φ 

0.058 ± 0.002 
a,A,φ 

26.30 ± 0.07 
a,A,φ 

After 24 h of marinating 

WBM + Mp + Lc 
27.29 ± 0.03 

c,A,β 

0.941 ± 0.040 
b,B,β 

0.159 ± 0.014 
a,A,β 

0.273 ± 0.014 
b,A,β 

0.201 ± 0.035 
b,A,β 

0.555 ± 0.016 
c,A,β 

0.098 ± 0.001 
a,B,β 

29.52 ± 0.15 
c,A,β 

WBM + Mp + Lc + 

ApBp 

28.78 ± 0.05 
f,A,β 

0.893 ± 0.010 
ab,A,β 

0.198 ± 0.034 
ab,A,β 

0.226 ± 0.014 
a,B,β 

0.172 ± 0.009 
b,A,β 

0.469 ± 0.001 
b,A,φ 

0.094 ± 0.017 
a,B, φ 

30.83 ± 0.13 
e,A,β 

WBM + Mp + Lc + 

BcBp 

25.06 ± 0.041 
a,A,β 

0.822 ± 0.031 
a,A,β 

0.191 ± 0.039 
ab,B,β 

0.203 ± 0.004 
a,B,β 

0.189 ± 0.003 
b,A,β 

0.266 ± 0.001 
a,A,β 

0.097 ± 0.009 
a,B,β 

26.83 ± 0.09 
a,A, β 

WBM + Mp + Lu 
25.94 ± 0.03 

b,B,β 

0.819 ± 0.020 
a,A,β 

0.317 ± 0.021 
c,A,φ 

0.215 ± 0.022 
a,B,β 

0.190 ± 0.016 
b,A,β 

0.612 ± 0.021 
d,B,β 

0.063 ± 0.016 
a,A, φ 

28.16 ± 0.10 
b,B,β 

WBM + Mp + Lu + 

ApBp 

28.51 ± 0.07 
e,A,β 

1.03 ± 0.04 c,A,φ 
0.260 ± 0.021 

bc,B,φ 

0.189 ± 0.017 
a,A,β 

0.121 ± 0.014 
a,A, φ 

0.468 ± 0.029 
b,A,φ 

0.072 ± 0.017 
a,A,φ 

30.65 ± 0.09 
e,A,β 

WBM + Mp + Lu + 

BcBp 

27.91 ± 0.085 
d,A,β 

0.838 ± 0.020 
a,A,β 

0.175 ± 0.014 
a,A,β 

0.312 ± 0.011 
b,B,β 

0.161 ± 0.009 
ab,A,β 

0.555 ± 0.010 
c,A,β 

0.075 ± 0.012 
a,A,φ 

30.03 ± 0.19 
d,A,β 

After 48 h of marinating 

WBM + Mp + Lc 
28.10 ± 0.06 

b,B,β 

0.804 ± 0.011 
a,A,β 

0.224 ± 0.028 
c,B,β 

0.359 ± 0.021 
d,B,β 

0.307 ± 0.021 
b,B,β 

0.779 ± 0.014 
d,B,β 

0.054 ± 0.002 
a,A,φ 

30.63 ± 0.13 
bc,B,β 

WBM + Mp + Lc + 

ApBp 

28.72 ± 0.03 
d,A,β 

0.888 ± 0.013 
b,A,β 

0.181 ± 0.015 
bc,B,β 

0.143 ± 0.010 
a,A,β 

0.224 ± 0.014 
a,B,β 

0.658 ± 0.014 
c,B,β 

0.062 ± 0.016 
a,A,φ 

30.88 ± 0.21 
cd,A,β 

WBM + Mp + Lc + 

BcBp 

25.37 ± 0.03 
a,B,β 

0.802 ± 0.010 
a,A,β 

0.111 ± 0.008 
a,A,β 

0.171 ± 0.002 
a,A,β 

0.213 ± 0.011 
a,B,β 

0.576 ± 0.007 
b,B,β 

0.052 ± 0.014 
a,A,φ 

27.29 ± 0.04  
a,B,β 

WBM + Mp + Lu 
25.48 ± 0.06 

a,A,β 

0.810 ± 0.041 
a,A β 

0.290 ± 0.015 
d,A,φ 

0.170 ± 0.013 
a,A,β 

0.200 ± 0.032 
a,A,β 

0.512 ± 0.041 
a,A,φ 

0.040 ± 0.015 
a,A,φ 

27.50 ± 0.10 
a,A,β 

WBM + Mp + Lu + 

ApBp 

28.72 ± 0.02 
d,B,β 

1.08 ± 0.07  
c,A φ 

0.158 ± 0.022 
ab,A,β 

0.232 ± 0.015 
b,B,β 

0.207 ± 0.010 
a,B,β 

0.510 ± 0.018 
a,A,φ 

0.041 ± 0.013 
a,A,φ 

30.95 ± 0.07 
d,A,β 

WBM + Mp + Lu + 

BcBp 

28.43 ± 0.03 
c,B,β 

0.818 ± 0.031 
a,A β 

0.185 ± 0.010 
bc,A,β 

0.278 ± 0.008 
c,A,β 

0.180 ± 0.017 
a,A,β 

0.580 ± 0.013 
b,A,β 

0.050 ± 0.010 
a,A,φ 

30.54 ± 0.06 
b,B,β 
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WBM-wooden breast meat; Mp-milk permeate; Lc-Lc. casei; Lu-Liq. uvarum; ApBp-apple by-prod-

ucts; BcBp-blackcurrant by-products; C18:2 ω6-cis-9,12-octadecadienoic acid, C18:3α ω3-cis-9,12,15-

octadecatrienoic acid, C18:3γ ω6-cis-6,9,12- octadecatrienoic acid, C20:2 ω6-cis-11,4-eicosadienoic 

acid, C20:3 ω6-cis-11,14,17-eicosatrienoic acid, C20:4 ω6-cis-5,8,11,14-eicosatetraenoic acid, C20:5 

ω3-cis-5,8,11,14,17-eicosapentaenoic acid; PUFA-polyunsaturated fatty acids. a–f Mean values fol-

lowed by a different superscript letter in the column are significantly different (p ≤ 0.05) between 

treatment groups for the same time duration; A,B Mean values followed by a different superscript 

letter in the column are significantly different (p ≤ 0.05) between treatment groups for different mar-

ination duration; φβ Mean values followed by a different superscript letter in the column are signif-

icantly different from the control group (p ≤ 0.05); data expressed as the mean value (n = 3) ± standard 

error (SE). 

Depending on how the samples were treated, there are a number of reasons for the 

differences in the results for each factor that was evaluated. First off, when comparing 

WBM to poultry meat that is not affected, most studies show that WBM has higher levels 

of monounsaturated fatty MUFAs and lower levels of PUFAs and SFAs [120–123]. This 

divergence highlights WBM’s different lipid makeup and possible effects on meat quality. 

Breast myopathies are highly related to oxidative stress in the breast muscles of broiler 

chickens [121,124]. In impacted broiler breasts, lipid peroxidation products are accurate 

indicators of exposure to free radicals [121,125,126]. According to Jongberg et al., antioxi-

dants are essential in preventing the oxidation of lipids and proteins because they provide 

hydrogen atoms from phenolic groups [127]. Therefore, using antioxidants that are found 

in plants naturally presents a viable way to reduce lipid oxidation and increase the shelf 

life of poultry meat [128,129]. Probiotics and fermented dairy products also have antioxi-

dant qualities that help reduce the hazards associated with reactive oxygen species by 

breaking down hydrogen peroxide and peroxide anions [130]. By degrading hydrogen 

peroxide and peroxide anions, they reduce the risks related to reactive oxygen. Our pre-

vious works showed that the combination of Lp. plantarum (LUHS 135) strain and Thymus 

vulgaris essential oil used for lamb meat pre-treatment increased the concentration of 

PUFA in meat [41]. Changes in meat lipidomic profile may also be influenced by the lipo-

lytic activity observed in LAB [131]. According to Tkacz et al., marinating affected the 

composition of FA in sous-vide beef, especially the oleic and palmitic FA [132]. Addition-

ally, the overall SFA reduced, with the exception of the n-6/n-3 ratio. Furthermore, our 

previous research revealed that the FA content of lamb meat was affected by the addition 

of by-products from the fruit and berry industry to marinades [133]. The oil extracted from 

blackcurrant seeds is valued for having a desirable n-6/n-3 ratio and a high amount of 

PUFAs [111,134]. Apple oil includes substantial levels of C18:2 (55.5–57.8%) and C18:1 

(25.5–29.4%) [76,134]. Additionally, α-linolenic C18:3 (54.3%) is abundant in oils extracted 

from by-products of Malus spp. (wild apple) [76]. 

4. Conclusions 

The results of this study showed that recently developed marinades had great LAB 

viability; marinade formulations with compositions Mp + Lc and Mp + Lu showed the 

highest LAB viability, with an average of 8.75 log10 CFU/mL. Marinades proved to be ef-

fective in improving WBM’s microbiological safety. In particular, it was found that mari-

nade compositions reduced WBM’s TEC and M/Y viable counts after 24 h of treatment 

and that they were completely eliminated after 48 h. Marinated WBM samples, in com-

parison to control, showed significantly lower pH (by 2.21 and 6.19%), DM (by 3.3 and 

2.2%), PC (by 2.93 and 1.97%), and WBM (by 4.88 and 7.12%), and with significantly higher 

CL (by 11.1 and 13.5%), and DL (by 8.80 and 8.72%) after 24 and 48 h of marination, re-

spectively. After WBM treatment, BA decreased; in addition, the absence of spermidine 

and phenylethylamine was observed in meat marinated for 48 h with a marinade prepared 

with Lu. Natural marinades containing selected LAB strains fermented with dairy and 

fruit/berry industry by-products could help solve WMB problems related to biogenic 

amines and microbiological safety. In marinades, industrial by-products can help reduce 
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the cost of processing and their use for sustainability. In addition, these newly developed 

marinades can benefit the poultry industry by improving product quality, safety, and 

marketability. Future research may investigate the synergistic benefits of combining ApBp 

and BcBp in marinade formulations and incorporate sensory analysis to assess marinades’ 

compatibility for poultry meat. 
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ard error (SE); Tetra-decanoic acid (C14:0); Tetra-decenoic acid (C14:1); Total bacterial vi-

able counts (TBC); Total enterobacteria viable counts (TEC); Total titratable acidity (TTA); 

trans-11-Octadecenoic acid (C18:1trans ω7); Tryptamine (TRY); Tukey’s-honest significant 

difference (Tukey-HSD); Tyramine (TYR); Water-holding capacity (WHC); Wooden breast 

(WB); Wooden breast meat (WBM). 

References 

1. Piwowarek, K.; Lipińska, E.; Hać-Szymańczuk, E.; Kieliszek, M.; Ścibisz, I. Propionibacterium Spp.—Source of Propionic Acid, 

Vitamin B12, and Other Metabolites Important for the Industry. Appl. Microbiol. Biotechnol. 2018, 102, 515–538. 

https://doi.org/10.1007/s00253-017-8616-7. 

2. Vinnikova, L.; Mudryk, V.; Agunova, L. Modern production trends of fermented meat products. Food Sci. Technol. 2019, 13, 36-

50. https://doi.org/10.15673/fst.v13i4.1556. 

3. Caldas-Cueva, J.P.; Owens, C.M. A Review on the Woody Breast Condition, Detection Methods, and Product Utilization in the 

Contemporary Poultry Industry. J. Anim. Sci. 2020, 98, skaa207. https://doi.org/10.1093/jas/skaa207. 

4. Mudalal, S.; Lorenzi, M.; Soglia, F.; Cavani, C.; Petracci, M. Implications of White Striping and Wooden Breast Abnormalities 

on Quality Traits of Raw and Marinated Chicken Meat. Animal 2015, 9, 728–734. 

5. Santos, M.M.F.; de Lima, D.A.S.; Bezerra, T.K.A.; de Sousa Galvão, M.; Madruga, M.S.; da Silva, F.A.P. Effect of Wooden Breast 

Condition on Quality Traits of Emulsified Chicken Patties during Frozen Storage. J. Food Sci. Technol. 2019, 56, 4158–4165. 

https://doi.org/10.1007/s13197-019-03886-4. 



Foods 2024, 13, 1367 20 of 25 
 

 

6. Nawaz, A.H.; Zheng, J.H.; Zhang, W.L.; Wang, F.J.; Jiao, Z.H.; Amoah, K.; Zhang, L. Breast Muscle Myopathies in Broiler: Mech-

anism, Status and Their Impact on Meat Quality—A Review. Ann. Anim. Sci. 2022, 22, 551–560. 

7. Petracci, M.; Soglia, F.; Madruga, M.; Carvalho, L.; Ida, E.; Estévez, M. Wooden-Breast, White Striping, and Spaghetti Meat: 

Causes, Consequences and Consumer Perception of Emerging Broiler Meat Abnormalities. Compr. Rev. Food Sci. Food Saf. 2019, 

18, 565–583. https://doi.org/10.1111/1541-4337.12431. 

8. Cai, K.; Shao, W.; Chen, X.; Campbell, Y.L.; Nair, M.N.; Suman, S.P.; Beach, C.M.; Guyton, M.C.; Schilling, M.W. Meat Quality 

Traits and Proteome Profile of Woody Broiler Breast (Pectoralis Major) Meat. Poult. Sci. 2018, 97, 337–346. 

https://doi.org/10.3382/ps/pex284. 

9. Oliveira, R.F. de; Mello, J.L.M. de; Ferrari, F.B.; Cavalcanti, E.N.F.; Souza, R.A. de; Pereira, M.R.; Giampietro-Ganeco, A.; 

Villegas-Cayllahua, E.A.; Fidelis, H. de A.; Fávero, M.S.; et al. Physical, Chemical and Histological Characterization of Pectoralis 

Major Muscle of Broilers Affected by Wooden Breast Myopathy. Animals 2021, 11, 596. https://doi.org/10.3390/ani11030596. 

10. Dalgaard, L.B.; Rasmussen, M.K.; Bertram, H.C.; Jensen, J.A.; Møller, H.S.; Aaslyng, M.D.; Hejbøl, E.K.; Pedersen, J.R.; Elsser-

Gravesen, D.; Young, J.F. Classification of wooden breast myopathy in chicken pectoralis major by a standardised method and 

association with conventional quality assessments. Int. J. Food Sci. Technol. 2018, 53, 1744–1752. https://doi.org/10.1111/ijfs.13759. 

11. Gratta, F.; Fasolato, L.; Birolo, M.; Zomeño, C.; Novelli, E.; Petracci, M.; Pascual, A.; Xiccato, G.; Trocino, A. Effect of Breast 

Myopathies on Quality and Microbial Shelf Life of Broiler Meat. Poult. Sci. 2019, 98, 2641–2651. 

https://doi.org/10.3382/ps/pez001. 

12. Xing, T.; Zhao, X.; Zhang, L.; Li, J.L.; Zhou, G.H.; Xu, X.L.; Gao, F. Characteristics and Incidence of Broiler Chicken Wooden 

Breast Meat under Commercial Conditions in China. Poult. Sci. 2020, 99, 620–628. https://doi.org/10.3382/ps/pez560. 

13. Kuttappan, V.A.; Hargis, B.M.; Owens, C.M. White Striping and Woody Breast Myopathies in the Modern Poultry Industry: A 

Review. Poult. Sci. 2016, 95, 2724–2733. 

14. Madruga, M.S.; da Rocha, T.C.; de Carvalho, L.M.; Sousa, A.M.B.L.; de Sousa Neto, A.C.; Coutinho, D.G.; de Carvalho Ferreira, 

A.S.; Soares, A.J.; de Sousa Galvão, M.; Ida, E.I. The Impaired Quality of Chicken Affected by the Wooden Breast Myopathy Is 

Counteracted in Emulsion-Type Sausages. J. Food Sci. Technol. 2019, 56, 1380–1388. 

15. Brambila, G.S.; Chatterjee, D.; Bowker, B.; Zhuang, H. Descriptive Texture Analyses of Cooked Patties Made of Chicken Breast 

with the Woody Breast Condition. Poult. Sci. 2017, 96, 3489–3494. https://doi.org/10.3382/ps/pex118. 

16. Chen, H.; Wang, H.; Qi, J.; Wang, M.; Xu, X.; Zhou, G. Chicken Breast Quality—Normal, Pale, Soft and Exudative (PSE) and 

Woody—Influences the Functional Properties of Meat Batters. Int. J. Food Sci. Technol. 2018, 53, 654–664. 

https://doi.org/10.1111/ijfs.13640. 

17. Starcevic, M.; Boskovic, S.; Dragan, V.; Rajcic, A.; Lazic, I.; Baltic, B.; Baltic, M. Culinary Preparation and Processing of Meat 

with Wooden Breast Myopathy. IOP Conf. Ser. Earth Environ. Sci. 2021, 854, 012094. https://doi.org/10.1088/1755-

1315/854/1/012094. 

18. Augustyńska-Prejsnar, A.; Kačániová, M.; Ormian, M.; Topczewska, J.; Sokołowicz, Z. Quality and Microbiological Safety of 

Poultry Meat Marinated with the Use of Apple and Lemon Juice. Int. J. Environ. Res. Public. Health 2023, 20, 3850. 

19. Okpala, C.O.R.; Juchniewicz, S.; Leicht, K.; Korzeniowska, M.; Guiné, R.P.F. Marinated Oven-Grilled Beef Entrecôte Meat from 

a Bovine Farm: Evaluation of Resultant Physicochemical and Organoleptic Attributes. PeerJ 2023, 11, e15116. 

https://doi.org/10.7717/peerj.15116. 

20. Bowker, B.C.; Maxwell, A.D.; Zhuang, H.; Adhikari, K. Marination and Cooking Performance of Portioned Broiler Breast Fillets 

with the Wooden Breast Condition. Poult. Sci. 2018, 97, 2966–2970. https://doi.org/10.3382/ps/pey144. 

21. Lima, J.L.; Bezerra, T.K.; Carvalho, L.M.; Galvão, M.S.; Lucena, L.; Rocha, T.C.; Estevez, M.; Madruga, M.S. Improving the Poor 

Texture and Technological Properties of Chicken Wooden Breast by Enzymatic Hydrolysis and Low-frequency Ultrasound. J. 

Food Sci. 2022, 87, 2364–2376. 

22. Maxwell, A.D.; Bowker, B.C.; Zhuang, H.; Chatterjee, D.; Adhikari, K. Descriptive Sensory Analysis of Marinated and Non-

Marinated Wooden Breast Fillet Portions. Poult. Sci. 2018, 97, 2971–2978. 

23. Mozuriene, E.; Bartkiene, E.; Krungleviciute, V.; Zadeike, D.; Juodeikiene, G.; Damasius, J.; Baltusnikiene, A. Effect of Natural 

Marinade Based on Lactic Acid Bacteria on Pork Meat Quality Parameters and Biogenic Amine Contents. LWT-Food Sci. Technol. 

2016, 69, 319–326. 

24. Zokaityte, E.; Cernauskas, D.; Klupsaite, D.; Lele, V.; Starkute, V.; Zavistanaviciute, P.; Ruzauskas, M.; Gruzauskas, R.; Juodei-

kiene, G.; Rocha, J.M.; et al. Bioconversion of Milk Permeate with Selected Lactic Acid Bacteria Strains and Apple By-Products 

into Beverages with Antimicrobial Properties and Enriched with Galactooligosaccharides. Microorganisms 2020, 8, 1182. 

https://doi.org/10.3390/microorganisms8081182. 

25. Zokaityte, E.; Lele, V.; Starkute, V.; Zavistanaviciute, P.; Ruzauskas, M.; Mozuriene, E.; Cepiene, M.; Ceplinskas, V.; Kairaityte, 

G.; Lingyte, R.; et al. Antimicrobial Potential of Beverages Preparation Based on Fermented Milk Permeate and Berries/Vegeta-

bles. Beverages 2020, 6, 65. https://doi.org/10.3390/beverages6040065. 

26. Bartkiene, E.; Lele, V.; Sakiene, V.; Zavistanaviciute, P.; Ruzauskas, M.; Bernatoniene, J.; Jakstas, V.; Viskelis, P.; Zadeike, D.; 

Juodeikiene, G. Improvement of the Antimicrobial Activity of Lactic Acid Bacteria in Combination with Berries/Fruits and Dairy 

Industry By-products. J. Sci. Food Agric. 2019, 99, 3992–4002. 

27. Zokaityte, E.; Siriakovaite, K.; Starkute, V.; Zavistanaviciute, P.; Lele, V.; Mozuriene, E.; Klupsaite, D.; Viskelis, P.; Ruibys, R.; 

Guiné, R.P. Characteristics of Nutraceutical Chewing Candy Formulations Based on Fermented Milk Permeate, Psyllium Husk, 

and Apple By-Products. Foods 2021, 10, 777. 



Foods 2024, 13, 1367 21 of 25 
 

 

28. Zavistanaviciute, P.; Zokaityte, E.; Starkute, V.; Ruzauskas, M.; Viskelis, P.; Bartkiene, E. Berry By-Products in Combination 

with Antimicrobial Lactic Acid Bacteria Strains for the Sustainable Formulation of Chewing Candies. Foods 2022, 11, 1177. 

https://doi.org/10.3390/foods11091177. 

29. Gardini, F.; Özogul, Y.; Suzzi, G.; Tabanelli, G.; Özogul, F. Technological Factors Affecting Biogenic Amine Content in Foods: A 

Review. Front. Microbiol. 2016, 7, 1218. https://doi.org/10.3389/fmicb.2016.01218. 

30. Barbieri, F.; Montanari, C.; Gardini, F.; Tabanelli, G. Biogenic Amine Production by Lactic Acid Bacteria: A Review. Foods 2019, 

8, 17. https://doi.org/10.3390/foods8010017. 

31. Tijare, V.V.; Yang, F.L.; Kuttappan, V.A.; Alvarado, C.Z.; Coon, C.N.; Owens, C.M. Meat Quality of Broiler Breast Fillets with 

White Striping and Woody Breast Muscle Myopathies. Poult. Sci. 2016, 95, 2167–2173. https://doi.org/10.3382/ps/pew129. 

32. Bartkiene, E.; Lele, V.; Ruzauskas, M.; Domig, K.J.; Starkute, V.; Zavistanaviciute, P.; Bartkevics, V.; Pugajeva, I.; Klupsaite, D.; 

Juodeikiene, G.; et al. Lactic Acid Bacteria Isolation from Spontaneous Sourdough and Their Characterization Including Anti-

microbial and Antifungal Properties Evaluation. Microorganisms 2020, 8, 64. https://doi.org/10.3390/microorganisms8010064. 

33. ISO 15214:1998. Microbiology of Food and Animal Feeding Stuffs—Horizontal Method for the Enumeration of Mesophilic Lac-

tic Acid Bacteria—Colony-Count Technique at 30 Degrees C. International Organization for Standardization, Geneva, Switzer-

land. Available online: https://www.iso.org/standard/26853.html (accessed on 12 February 2024). 

34. ISO 4833-2:2013. Horizontal method for the enumeration of microorganisms.  International Organization for Standardization, 

Geneva, Switzerland.  Available online: https://www.iso.org/standard/59509.html (accessed on 12 February 2024). 

35. ISO 21528-2:2017. Microbiology of the Food Chain—Horizontal Method for the Detection and Enumeration of Enterobacteri-

aceae—Part 2: Colony-Count Technique. Added: International Organization for Standardization, Geneva, Switzerland. Availa-

ble online: https://www.iso.org/cms/render/live/en/sites/isoorg/contents/data/standard/06/35/63504.html (accessed on 31 

March 2022). 

36. ISO 21527-2:2008. Microbiology of Food and Animal Feeding Stuffs—Horizontal Method for the Enumeration of Yeasts and 

Moulds—Part 2: Colony Count Technique in Products with Water Activity Less than or Equal to 0.95. Added: International 

Organization for Standardization, Geneva, Switzerland. Available online: https://www.iso.org/cms/render/live/en/sites/iso-

org/contents/data/standard/03/82/38276.html (accessed on 31 March 2022). 

37. Bartkiene, E.; Starkute, V.; Zokaityte, E.; Klupsaite, D.; Mockus, E.; Ruzauskas, M.; Bartkevics, V.; Borisova, A.; Rocha, J.M.; 

Ozogul, F.; et al. Changes in the Physicochemical Parameters and Microbial Community of a New Cultivar Blue Wheat Cereal 

Wholemeal during Sourdough Production. Front. Microbiol. 2022, 13, 1031273. https://doi.org/10.3389/fmicb.2022.1031273. 

38. ISO 1442:2023. Meat and Meat Products—Determination of Moisture Content—Reference Method. Added: International Or-

ganization for Standardization, Geneva, Switzerland. Available online: https://www.iso.org/standard/82664.html (accessed on 

12 February 2024). 

39. ISO 937:2023. Meat and meat products. Added: International Organization for Standardization, Geneva, Switzerland. Available 

online: https://www.iso.org/standard/82663.html (accessed on 12 February 2024). 

40. ISO 1443:1973P. Meat and Meat Products—Determination of Total Fat Content. Added: International Organization for Stand-

ardization, Geneva, Switzerland. Available online: https://www.iso.org/obp/ui/#iso:std:iso:1443:ed-1:v1:en (accessed on 26 July 

2022). 

41. ISO 936:1998. Meat and Meat Products—Determination of Total Ash. Added: International Organization for Standardization, 

Geneva, Switzerland. Available online: https://www.iso.org/cms/render/live/en/sites/isoorg/contents/data/stand-

ard/02/47/24783.html.(accessed on 10 February 2022).  

42. Klupsaite, D.; Zavistanaviciute, P.; Sakiene, V.; Lele, V.; Mozuriene, E.; Klementaviciute, J.; Sidlauskiene, S.; Buckiuniene, V.; 

Tolpeznikaite, E.; Ruibys, R. Evaluation of the Use of Lactic Acid Bacteria and Thymus Vulgaris Essential Oil on Suffolk and Ile 

de France Lamb Breed (MuscuIus Gluteus) Quality Parameters. Int. J. Food Sci. Technol. 2020, 55, 3463–3474. 

43. Ben-Gigirey, B.; Vieites Baptista de Sousa, J.M.; Villa, T.G.; Barros-Velazquez, J. Histamine and Cadaverine Production by Bac-

teria Isolated from Fresh and Frozen Albacore (Thunnus alalunga). J. Food Prot. 1999, 62, 933–939. https://doi.org/10.4315/0362-

028X-62.8.933. 

44. Bartkiene, E.; Zokaityte, E.; Starkute, V.; Zokaityte, G.; Kaminskaite, A.; Mockus, E.; Klupsaite, D.; Cernauskas, D.; Rocha, J.M.; 

Özogul, F.; et al. Crickets (Acheta domesticus) as Wheat Bread Ingredient: Influence on Bread Quality and Safety Characteristics. 

Foods 2023, 12, 325. https://doi.org/10.3390/foods12020325. 

45. Pérez-Palacios, T.; Ruiz, J.; Ferreira, I.M.P.L.V.O.; Petisca, C.; Antequera, T. Effect of Solvent to Sample Ratio on Total Lipid 

Extracted and Fatty Acid Composition in Meat Products within Different Fat Content. Meat Sci. 2012, 91, 369–373. 

https://doi.org/10.1016/j.meatsci.2012.02.021. 

46. Kaveh, S.; Hashemi, S.M.B.; Abedi, E.; Amiri, M.J.; Conte, F.L. Bio-Preservation of Meat and Fermented Meat Products by Lactic 

Acid Bacteria Strains and Their Antibacterial Metabolites. Sustainability 2023, 15, 10154. 

47. Barcenilla, C.; Ducic, M.; López, M.; Prieto, M.; Álvarez-Ordóñez, A. Application of Lactic Acid Bacteria for the Biopreservation 

of Meat Products: A Systematic Review. Meat Sci. 2022, 183, 108661. 

48. Lahiri, D.; Nag, M.; Sarkar, T.; Ray, R.R.; Shariati, M.A.; Rebezov, M.; Bangar, S.P.; Lorenzo, J.M.; Domínguez, R. Lactic Acid 

Bacteria (LAB): Autochthonous and Probiotic Microbes for Meat Preservation and Fortification. Foods 2022, 11, 2792. 

49. Gelinski, J.M.L.N.; Baratto, C.M.; Casagrande, M.; de Oliveira, T.P.; Megiolaro, F.; de Martini Soares, F.A.S.; de Souza, E.M.B.; 

Vicente, V.A.; Fonseca, G.G. Control of Pathogens in Fresh Pork Sausage by Inclusion of Lactobacillus Sakei BAS0117. Can. J. 

Microbiol. 2019, 65, 831–841. https://doi.org/10.1139/cjm-2019-0136. 



Foods 2024, 13, 1367 22 of 25 
 

 

50. Zhu, Y.; Yang, Q. Isolation of Antibacterial, Nitrosylmyoglobin Forming Lactic Acid Bacteria and Their Potential Use in Meat 

Processing. Front. Microbiol. 2020, 11, 552957. 

51. Mouafo, H.T.; Mbawala, A.; Tanaji, K.; Somashekar, D.; Ndjouenkeu, R. Improvement of the Shelf Life of Raw Ground Goat 

Meat by Using Biosurfactants Produced by Lactobacilli Strains as Biopreservatives. LWT 2020, 133, 110071. 

52. Sircar, B.; Mandal, S. Exploring the Probiotic Potentiality and Antibacterial Activity of Idli Batter Isolates of Lactic Acid Bacteria 

from West Bengal, India. Future, J. Pharm. Sci. 2023, 9, 54. https://doi.org/10.1186/s43094-023-00506-z. 

53. Lashani, E.; Davoodabadi, A.; Dallal, M.M.S. Some Probiotic Properties of Lactobacillus Species Isolated from Honey and Their 

Antimicrobial Activity against Foodborne Pathogens. In Veterinary Research Forum; Faculty of Veterinary Medicine, Urmia Uni-

versity: Urmia, Iran, 2020; Volume 11, p. 121. 

54. Gunasekaran, Y.K.; Lele, V.; Sakiene, V.; Zavistanaviciute, P.; Zokaityte, E.; Klupsaite, D.; Bartkevics, V.; Guiné, R.P.; Bartkiene, 

E. Plant-based Proteinaceous Snacks: Effect of Fermentation and Ultrasonication on End-product Characteristics. Food Sci. Nutr. 

2020, 8, 4746–4756. 

55. Wang, Y.; Wu, J.; Lv, M.; Shao, Z.; Hungwe, M.; Wang, J.; Bai, X.; Xie, J.; Wang, Y.; Geng, W. Metabolism Characteristics of Lactic 

Acid Bacteria and the Expanding Applications in Food Industry. Front. Bioeng. Biotechnol. 2021, 9, 612285. 

56. Ibrahim, S.A.; Ayivi, R.D.; Zimmerman, T.; Siddiqui, S.A.; Altemimi, A.B.; Fidan, H.; Esatbeyoglu, T.; Bakhshayesh, R.V. Lactic 

Acid Bacteria as Antimicrobial Agents: Food Safety and Microbial Food Spoilage Prevention. Foods 2021, 10, 3131. 

https://doi.org/10.3390/foods10123131. 

57. Ozcelik, S.; Kuley, E.; Ozogul, F. Formation of Lactic, Acetic, Succinic, Propionic, Formic and Butyric Acid by Lactic Acid Bac-

teria. LWT-Food Sci. Technol. 2016, 73, 536–542. https://doi.org/10.1016/j.lwt.2016.06.066. 

58. Kumariya, R.; Garsa, A.K.; Rajput, Y.S.; Sood, S.K.; Akhtar, N.; Patel, S. Bacteriocins: Classification, Synthesis, Mechanism of 

Action and Resistance Development in Food Spoilage Causing Bacteria. Microb. Pathog. 2019, 128, 171–177. 

59. Puupponen-Pimiä, R.; Nohynek, L.; Alakomi, H.-L.; Oksman-Caldentey, K.-M. Bioactive Berry Compounds—Novel Tools 

against Human Pathogens. Appl. Microbiol. Biotechnol. 2005, 67, 8–18. 

60. Tian, Y.; Puganen, A.; Alakomi, H.-L.; Uusitupa, A.; Saarela, M.; Yang, B. Antioxidative and Antibacterial Activities of Aqueous 

Ethanol Extracts of Berries, Leaves, and Branches of Berry Plants. Food Res. Int. Ott. Ont 2018, 106, 291–303. 

https://doi.org/10.1016/j.foodres.2017.12.071. 

61. Cvetanović, A.; Zengin, G.; Zeković, Z.; Švarc-Gajić, J.; Ražić, S.; Damjanović, A.; Mašković, P.; Mitić, M. Comparative in Vitro 

Studies of the Biological Potential and Chemical Composition of Stems, Leaves and Berries Aronia Melanocarpa’s Extracts Ob-

tained by Subcritical Water Extraction. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol. Res. Assoc. 2018, 121, 458–466. 

https://doi.org/10.1016/j.fct.2018.09.045. 

62. Staszowska-Karkut, M.; Materska, M. Phenolic Composition, Mineral Content, and Beneficial Bioactivities of Leaf Extracts from 

Black Currant (Ribes nigrum L.), Raspberry (Rubus idaeus), and Aronia (Aronia melanocarpa). Nutrients 2020, 12, 463. 

https://doi.org/10.3390/nu12020463. 

63. Quinto, E.J.; Caro, I.; Villalobos-Delgado, L.H.; Mateo, J.; De-Mateo-Silleras, B.; Redondo-Del-Río, M.P. Food Safety through 

Natural Antimicrobials. Antibiotics 2019, 8, 208. https://doi.org/10.3390/antibiotics8040208. 

64. Lyu, F.; Luiz, S.F.; Azeredo, D.R.P.; Cruz, A.G.; Ajlouni, S.; Ranadheera, C.S. Apple Pomace as a Functional and Healthy Ingre-

dient in Food Products: A Review. Processes 2020, 8, 319. 

65. Will, F.; Olk, M.; Hopf, I.; Dietrich, H. Characterization of Polyphenol Extracts from Apple Juice. Dtsch. Lebensm.-Rundsch. 2006, 

102, 297–302. 

66. Kačániová, M.; Mellen, M.; Vukovic, N.L.; Kluz, M.; Puchalski, C.; Haščík, P.; Kunová, S. Combined Effect of Vacuum Packaging, 

Fennel and Savory Essential Oil Treatment on the Quality of Chicken Thighs. Microorganisms 2019, 7, 134. 

67. Sogawa, K.; Watanabe, M.; Sato, K.; Segawa, S.; Ishii, C.; Miyabe, A.; Murata, S.; Saito, T.; Nomura, F. Use of the MALDI BioTyper 

System with MALDI-TOF Mass Spectrometry for Rapid Identification of Microorganisms. Anal. Bioanal. Chem. 2011, 400, 1905–

1911. https://doi.org/10.1007/s00216-011-4877-7. 

68. Velikova; Stoyanov; Blagoeva, G.; Popova; Petrov, K.; Gotcheva, V.; Angelov, A.; Petrova, P. Starch Utilization Routes in Lactic 

Acid Bacteria: New Insight by Gene Expression Assay. Starch-Starke 2016, 68, 953–960. https://doi.org/10.1002/star.201600023. 

69. Zapaśnik, A.; Sokołowska, B.; Bryła, M. Role of Lactic Acid Bacteria in Food Preservation and Safety. Foods 2022, 11, 1283. 

https://doi.org/10.3390/foods11091283. 

70. Kumar, P.; Chatli, M.K.; Verma, A.K.; Mehta, N.; Malav, O.P.; Kumar, D.; Sharma, N. Quality, Functionality, and Shelf Life of 

Fermented Meat and Meat Products: A Review. Crit. Rev. Food Sci. Nutr. 2017, 57, 2844–2856. 

71. Greco, M.; Mazzette, R.; De Santis, E.P.L.; Corona, A.; Cosseddu, A.M. Evolution and Identification of Lactic Acid Bacteria 

Isolated during the Ripening of Sardinian Sausages. Meat Sci. 2005, 69, 733–739. https://doi.org/10.1016/j.meatsci.2004.11.004. 

72. Jing, P.; Bomser, J.A.; Schwartz, S.J.; He, J.; Magnuson, B.A.; Giusti, M.M. Structure−Function Relationships of Anthocyanins 

from Various Anthocyanin-Rich Extracts on the Inhibition of Colon Cancer Cell Growth. J. Agric. Food Chem. 2008, 56, 9391–

9398. https://doi.org/10.1021/jf8005917. 

73. Gargi, A.; Sengun, I.Y. Marination Liquids Enriched with Probiotics and Their Inactivation Effects against Food-Borne Patho-

gens Inoculated on Meat. Meat Sci. 2021, 182, 108624. https://doi.org/10.1016/j.meatsci.2021.108624. 

74. Ruiz Rodríguez, L.G.; Zamora Gasga, V.M.; Pescuma, M.; Van Nieuwenhove, C.; Mozzi, F.; Sánchez Burgos, J.A. Fruits and Fruit 

By-Products as Sources of Bioactive Compounds. Benefits and Trends of Lactic Acid Fermentation in the Development of Novel 

Fruit-Based Functional Beverages. Food Res. Int. Ott. Ont 2021, 140, 109854. https://doi.org/10.1016/j.foodres.2020.109854. 



Foods 2024, 13, 1367 23 of 25 
 

 

75. Skrovankova, S.; Sumczynski, D.; Mlcek, J.; Jurikova, T.; Sochor, J. Bioactive Compounds and Antioxidant Activity in Different 

Types of Berries. Int. J. Mol. Sci. 2015, 16, 24673–24706. https://doi.org/10.3390/ijms161024673. 

76. Radenkovs, V.; Kviesis, J.; Juhnevica-Radenkova, K.; Valdovska, A.; Püssa, T.; Klavins, M.; Drudze, I. Valorization of Wild Apple 

(Malus Spp.) By-Products as a Source of Essential Fatty Acids, Tocopherols and Phytosterols with Antimicrobial Activity. Plants 

Basel Switz. 2018, 7, 90. https://doi.org/10.3390/plants7040090. 

77. Fratianni, F.; Sada, A.; Cipriano, L.; Masucci, A.; Nazzaro, F. Biochemical Characteristics, Antimicrobial and Mutagenic Activity 

in Organically and Conventionally Produced Malus Domestica, Annurca. Open Food Sci. J. 2007, 1, 10–16. 

https://doi.org/10.2174/1874256400701010010. 

78. Barreca, D.; Bellocco, E.; Laganà, G.; Ginestra, G.; Bisignano, C. Biochemical and Antimicrobial Activity of Phloretin and Its 

Glycosilated Derivatives Present in Apple and Kumquat. Food Chem. 2014, 160, 292–297. 

79. Miladinović, B.; Kostić, M.; Šavikin, K.; Đorđević, B.; Mihajilov-Krstev, T.; Živanović, S.; Kitić, D. Chemical Profile and Antiox-

idative and Antimicrobial Activity of Juices and Extracts of 4 Black Currants Varieties (Ribes nigrum L.). J. Food Sci. 2014, 79, 

C301–C309. 

80. Kranz, S.; Guellmar, A.; Olschowsky, P.; Tonndorf-Martini, S.; Heyder, M.; Pfister, W.; Reise, M.; Sigusch, B. Antimicrobial 

Effect of Natural Berry Juices on Common Oral Pathogenic Bacteria. Antibiotics 2020, 9, 533. 

81. Fernández-López, J.; Zhi, N.; Aleson-Carbonell, L.; Pérez-Álvarez, J.; Kuri, V. Antioxidant and Antibacterial Activities of Natu-

ral Extracts: Application in Beef Meatballs. Meat Sci. 2005, 69, 371–380. https://doi.org/10.1016/j.meatsci.2004.08.004. 

82. Morshedy, A.; Sallam, K.I. Improving the Microbial Quality and Shelf Life of Chicken Carcasses by Trisodium Phosphate and 

Lactic Acid Dipping. Int. J. Poult. Sci. 2009, 8, 645–650. 

83. Wang, D.; Cheng, F.; Wang, Y.; Han, J.; Gao, F.; Tian, J.; Zhang, K.; Jin, Y. The Changes Occurring in Proteins during Processing 

and Storage of Fermented Meat Products and Their Regulation by Lactic Acid Bacteria. Foods 2022, 11, 2427. 

https://doi.org/10.3390/foods11162427. 

84. Hu, Y.; Li, Y.; Zhu, J.; Kong, B.; Liu, Q.; Chen, Q. Improving the Taste Profile of Reduced-Salt Dry Sausage by Inoculating 

Different Lactic Acid Bacteria. Food Res. Int. Ott. Ont 2021, 145, 110391. https://doi.org/10.1016/j.foodres.2021.110391. 

85. Fencioglu, H.; Oz, E.; Turhan, S.; Proestos, C.; Oz, F. The Effects of the Marination Process with Different Vinegar Varieties on 

Various Quality Criteria and Heterocyclic Aromatic Amine Formation in Beef Steak. Foods 2022, 11, 3251. 

https://doi.org/10.3390/foods11203251. 

86. Xu, Y.; Zhou, T.; Tang, H.; Li, X.; Chen, Y.; Zhang, L.; Zhang, J. Probiotic Potential and Amylolytic Properties of Lactic Acid 

Bacteria Isolated from Chinese Fermented Cereal Foods. Food Control 2020, 111, 107057. https://doi.org/10.1016/j.food-

cont.2019.107057. 

87. Salma, M.Y.; Maurice, G.O. Sullivan; John, F.K.; Joseph, P.K.; Salma, M.Y.; John, F.K.; Joseph, P.K. Influence of Processing 

Method and Holding Time on the Physical and Sensory Qualities of Cooked Marinated Chicken Breast Fillets. Lebensm.-Wiss. 

Technol. 2012, 46, 363–370. https://doi.org/10.1016/j.lwt.2011.08.007. 

88. Zhou, Y.; Ying, W.; He, J.; Pan, D.; Wang, H.; Cao, J. Evaluating the Profile of Myofibrillar Proteins and Its Relationship with 

Tenderness among Five Styles of Dry-cured Hams. Int. J. Food Sci. Technol. 2020, 56, 259–268. https://doi.org/10.1111/ijfs.14627. 

89. Barbanti, D.; Pasquini, M. Influence of Cooking Conditions on Cooking Loss and Tenderness of Raw and Marinated Chicken 

Breast Meat. LWT-Food Sci. Technol. 2005, 38, 895–901. 

90. Goli, T.; Ricci, J.; Trystram, G.; Collignan, A. Mass Transfer Dynamics during the Acidic Marination of Turkey Meat. J. Food Eng. 

2011, 104, 161–168. https://doi.org/10.1016/j.jfoodeng.2010.12.010. 

91. Malheiros, J.M.; Braga, C.P.; Grove, R.A.; Ribeiro, F.A.; Calkins, C.R.; Adamec, J.; Chardulo, L.A.L. Influence of Oxidative Dam-

age to Proteins on Meat Tenderness Using a Proteomics Approach. Meat Sci. 2019, 148, 64–71. 

92. Zhang, Y.; Wang, P.; Xu, X.; Xia, T.; Li, Z.; Zhao, T. Effect of Wooden Breast Myopathy on Water-Holding Capacity and Rheo-

logical and Gelling Properties of Chicken Broiler Breast Batters. Poult. Sci. 2020, 99, 3742–3751. 

https://doi.org/10.1016/j.psj.2020.03.032. 

93. Bordignon, F.; Xiccato, G.; Boskovic Cabrol, M.; Birolo, M.; Trocino, A. Factors Affecting Breast Myopathies in Broiler Chickens 

and Quality of Defective Meat: A Meta-Analysis. Front. Physiol. 2022, 13, 933235. https://doi.org/10.3389/fphys.2022.933235. 

94. Bordini, M.; Zappaterra, M.; Soglia, F.; Petracci, M.; Davoli, R. Weighted Gene Co-Expression Network Analysis Identifies Mo-

lecular Pathways and Hub Genes Involved in Broiler White Striping and Wooden Breast Myopathies. Sci. Rep. 2021, 11, 1776. 

https://doi.org/10.1038/s41598-021-81303-7. 

95. Bowker, B.; Zhuang, H. Impact of White Striping on Functionality Attributes of Broiler Breast Meat1. Poult. Sci. 2016, 95, 1957–

1965. https://doi.org/10.3382/ps/pew115. 

96. Kaewthong, P.; Wattanachant, S. Optimizing the Electrical Conductivity of Marinade Solution for Water-Holding Capacity of 

Broiler Breast Meat. Poult. Sci. 2018, 97, 701–708. 

97. Dalle Zotte, A.; Tasoniero, G.; Puolanne, E.; Remignon, H.; Cecchinato, M.; Catelli, E.; Cullere, M. Effect of “Wooden Breast” 

Appearance on Poultry Meat Quality, Histological Traits, and Lesions Characterization. Czech J. Anim. Sci. 2017, 62, 51–57. 

https://doi.org/10.17221/54/2016-CJAS. 

98. Gómez-Salazar, J.A.; Ochoa-Montes, D.A.; Cerón-García, A.; Ozuna, C.; Sosa-Morales, M.E. Effect of Acid Marination Assisted 

by Power Ultrasound on the Quality of Rabbit Meat. J. Food Qual. 2018, 2018, e5754930. https://doi.org/10.1155/2018/5754930. 



Foods 2024, 13, 1367 24 of 25 
 

 

99. Singh, P.; Yadav, S.; Pathera, A.; Sharma, D. Effect of Vacuum Tumbling and Red Beetroot Juice Incorporation on Quality Char-

acteristics of Marinated Chicken Breast and Leg Meats. Nutr. Food Sci. 2019, ahead-of-print. https://doi.org/10.1108/NFS-03-2019-

0079. 

100. Latoch, A. Effect of Meat Marinating in Kefir, Yoghurt and Buttermilk on the Texture and Color of Pork Steaks Cooked Sous-

Vide. Ann. Agric. Sci. 2020, 65, 129–136. 

101. Jairath, G.; Singh, P.K.; Dabur, R.S.; Rani, M.; Chaudhari, M. Biogenic Amines in Meat and Meat Products and Its Public Health 

Significance: A Review. J. Food Sci. Technol. 2015, 52, 6835–6846. https://doi.org/10.1007/s13197-015-1860-x. 

102. Gao, X.; Li, C.; He, R.; Zhang, Y.; Wang, B.; Zhang, Z.H.; Ho, C.T. Research Advances on Biogenic Amines in Traditional Fer-

mented Foods: Emphasis on Formation Mechanism, Detection and Control Methods. Food Chem. 2023, 405, 134911. 

https://doi.org/10.1016/j.foodchem.2022.134911. 

103. Sahu, L.; Panda, S.; Paramithiotis, S.; Zdolec, N.; Ray, R. Biogenic Amines in Fermented Foods: Overview. In Fermented Foods: 

Part I: Biochemistry and Biotechnology; CRC Press: Boca Raton, FL, USA, 2015; pp. 318–332, ISBN 978-1-4987-4079-1. 

104. Saha Turna, N.; Chung, R.; McIntyre, L. A Review of Biogenic Amines in Fermented Foods: Occurrence and Health Effects. 

Heliyon 2024, 10, e24501. https://doi.org/10.1016/j.heliyon.2024.e24501. 

105. Ruiz-Capillas, C.; Herrero, A.M. Impact of Biogenic Amines on Food Quality and Safety. Foods 2019, 8, 62. 

https://doi.org/10.3390/foods8020062. 

106. Özogul, F.; Hamed, I. The Importance of Lactic Acid Bacteria for the Prevention of Bacterial Growth and Their Biogenic Amines 

Formation: A Review. Crit. Rev. Food Sci. Nutr. 2018, 58, 1660–1670. https://doi.org/10.1080/10408398.2016.1277972. 

107. Suzzi, G.; Gardini, F. Biogenic Amines in Dry Fermented Sausages: A Review. Int. J. Food Microbiol. 2003, 88, 41–54. 

https://doi.org/10.1016/S0168-1605(03)00080-1. 

108. Lorenzo, J.M.; Munekata, P.E.S.; Domínguez, R. Role of Autochthonous Starter Cultures in the Reduction of Biogenic Amines 

in Traditional Meat Products. Curr. Opin. Food Sci. 2017, 14, 61–65. 

109. Doeun, D.; Davaatseren, M.; Chung, M.-S. Biogenic Amines in Foods. Food Sci. Biotechnol. 2017, 26, 1463–1474. 

https://doi.org/10.1007/s10068-017-0239-3. 

110. Ashaolu, T.J.; Khalifa, I.; Mesak, M.A.; Lorenzo, J.M.; Farag, M.A. A Comprehensive Review of the Role of Microorganisms on 

Texture Change, Flavor and Biogenic Amines Formation in Fermented Meat with Their Action Mechanisms and Safety. Crit. 

Rev. Food Sci. Nutr. 2023, 63, 3538–3555. 

111. Wójciak, K.M.; Stasiak, D.M.; Stadnik, J.; Ferysiuk, K.; Kononiuk, A. The Influence of Sonication Time on the Biogenic Amines 

Formation as a Critical Point in Uncured Dry-Fermented Beef Manufacturing. Int. J. Food Sci. Technol. 2019, 54, 75–83. 

https://doi.org/10.1111/ijfs.13906. 

112. Cho, J.; Kim, H.-J.; Kwon, J.-S.; Kim, H.-J.; Jang, A. Effect of Marination with Black Currant Juice on the Formation of Biogenic 

Amines in Pork Belly during Refrigerated Storage. Food Sci. Anim. Resour. 2021, 41, 763–778. 

https://doi.org/10.5851/kosfa.2021.e34. 

113. Santiyanont, P.; Chantarasakha, K.; Tepkasikul, P.; Srimarut, Y.; Mhuantong, W.; Tangphatsornruang, S.; Zo, Y.-G.; Chokesaj-

jawatee, N. Dynamics of Biogenic Amines and Bacterial Communities in a Thai Fermented Pork Product Nham. Food Res. Int. 

Ott. Ont 2019, 119, 110–118. https://doi.org/10.1016/j.foodres.2019.01.060. 

114. Bartkiene, E.; Bartkevics, V.; Mozuriene, E.; Krungleviciute, V.; Novoslavskij, A.; Santini, A.; Rozentale, I.; Juodeikiene, G.; Cizei-

kiene, D. The Impact of Lactic Acid Bacteria with Antimicrobial Properties on Biodegradation of Polycyclic Aromatic Hydro-

carbons and Biogenic Amines in Cold Smoked Pork Sausages. Food Control 2017, 71, 285–292. https://doi.org/10.1016/j.food-

cont.2016.07.010. 

115. Kim, H.S.; Lee, S.Y.; Hur, S.J. Effects of Different Starter Cultures on the Biogenic Amine Concentrations, Mutagenicity, Oxida-

tive Stress, and Neuroprotective Activity of Fermented Sausages and Their Relationships. J. Funct. Foods 2019, 52, 424–429. 

116. Xie, C.; Wang, H.; Nie, X.-K.; Chen, L.; Deng, S.-L.; Xu, X.-L. Reduction of Biogenic Amine Concentration in Fermented Sausage 

by Selected Starter Cultures. CyTA-J. Food 2015, 13, 491–497. https://doi.org/10.1080/19476337.2015.1005027. 

117. García-Díez, J.; Saraiva, C. Use of Starter Cultures in Foods from Animal Origin to Improve Their Safety. Int. J. Environ. Res. 

Public. Health 2021, 18, 2544. https://doi.org/10.3390/ijerph18052544. 

118. Qin, S.; Zeng, X.; Jiang, M.; Rui, X.; Li, W.; Dong, M.; Chen, X.; Zhang, Q. Genomic and Biogenic Amine-Reducing Characteri-

zation of Lactiplantibacillus Planatraum JB1 Isolated from Fermented Dry Sausage. Food Control 2023, 154, 109971. 

https://doi.org/10.1016/j.foodcont.2023.109971. 

119. Laranjo, M.; Potes, M.E.; Elias, M. Role of Starter Cultures on the Safety of Fermented Meat Products. Front. Microbiol. 2019, 10, 

853. 

120. Villegas-Cayllahua, E.A.; de Mello, J.L.M.; Dutra, D.R.; de Oliveira, R.F.; Cavalcanti, É.F.; Pereira, M.R.; Ferrari, F.B.; de Souza, 

R.A.; Carneiro, N.M.G.M.; Fidelis, H. de A.; et al. Effect of Freezing on the Quality of Breast Meat from Broilers Affected by 

Wooden Breast Myopathy. Poult. Sci. 2023, 102, 102702. https://doi.org/10.1016/j.psj.2023.102702. 

121. Liu, R.; Kong, F.; Xing, S.; He, Z.; Bai, L.; Sun, J.; Tan, X.; Zhao, D.; Zhao, G.; Wen, J. Dominant Changes in the Breast Muscle 

Lipid Profiles of Broiler Chickens with Wooden Breast Syndrome Revealed by Lipidomics Analyses. J. Anim. Sci. Biotechnol. 

2022, 13, 93. 

122. Lebednikaitė, E.; Klupšaitė, D.; Bartkienė, E.; Klementavičiūtė, J.; Mockus, E.; Anskienė, L.; Balčiauskienė, Ž.; Pockevičius, A. 

Fatty Acid Profile, Volatile Organic Compound, and Physical Parameter Changes in Chicken Breast Meat Affected by Wooden 

Breast and White Striping Myopathies. Animals 2023, 13, 3136. 



Foods 2024, 13, 1367 25 of 25 
 

 

123. Soglia, F.; Laghi, L.; Canonico, L.; Cavani, C.; Petracci, M. Functional Property Issues in Broiler Breast Meat Related to Emerging 

Muscle Abnormalities. Food Res. Int. 2016, P3, 1071–1076. https://doi.org/10.1016/j.foodres.2016.04.042. 

124. Abasht, B.; Mutryn, M.F.; Michalek, R.D.; Lee, W.R. Oxidative Stress and Metabolic Perturbations in Wooden Breast Disorder 

in Chickens. PLoS ONE 2016, 11, e0153750. https://doi.org/10.1371/journal.pone.0153750. 

125. Lilburn, M.S.; Griffin, J.R.; Wick, M. From Muscle to Food: Oxidative Challenges and Developmental Anomalies in Poultry 

Breast Muscle. Poult. Sci. 2019, 98, 4255–4260. 

126. Salles, G.B.C.; Boiago, M.M.; Silva, A.D.; Morsch, V.M.; Gris, A.; Mendes, R.E.; Baldissera, M.D.; da Silva, A.S. Lipid Peroxidation 

and Protein Oxidation in Broiler Breast Fillets with White Striping Myopathy. J. Food Biochem. 2019, 43, e12792. 

https://doi.org/10.1111/jfbc.12792. 

127. Jongberg, S.; Tørngren, M.A.; Gunvig, A.; Skibsted, L.H.; Lund, M.N. Effect of Green Tea or Rosemary Extract on Protein Oxi-

dation in Bologna Type Sausages Prepared from Oxidatively Stressed Pork. Meat Sci. 2013, 93, 538–546. 

128. Latoch, A.; Czarniecka-Skubina, E.; Moczkowska-Wyrwisz, M. Marinades Based on Natural Ingredients as a Way to Improve 

the Quality and Shelf Life of Meat: A Review. Foods 2023, 12, 3638. 

129. Munekata, P.E.S.; Pateiro, M.; Domínguez, R.; Nieto, G.; Kumar, M.; Dhama, K.; Lorenzo, J.M. Bioactive Compounds from Fruits 

as Preservatives. Foods 2023, 12, 343. https://doi.org/10.3390/foods12020343. 

130. Latoch, A.; Libera, J. Quality and Safety of Pork Steak Marinated in Fermented Dairy Products and Sous-Vide Cooked. Sustain-

ability 2019, 11, 5644. 

131. Dinçer, E.; Kıvanç, M. Lipolytic Activity of Lactic Acid Bacteria Isolated from Turkish Pastırma. Anadolu Univ. J. Sci. Technol. C-

Life Sci. Biotechnol. 2018, 7, 12–19. https://doi.org/10.18036/aubtdc.306292. 

132. Tkacz, K.; Tylewicz, U.; Pietrzak-Fiećko, R.; Modzelewska-Kapituła, M. The Effect of Marinating on Fatty Acid Composition of 

Sous-Vide Semimembranosus Muscle from Holstein-Friesian Bulls. Foods 2022, 11, 797. https://doi.org/10.3390/foods11060797. 

133. Zavistanaviciute, P.; Klementaviciute, J.; Klupsaite, D.; Zokaityte, E.; Ruzauskas, M.; Buckiuniene, V.; Viskelis, P.; Bartkiene, E. 

Effects of Marinades Prepared from Food Industry By-Products on Quality and Biosafety Parameters of Lamb Meat. Foods 2023, 

12, 1391. https://doi.org/10.3390/foods12071391. 

134. Pieszka, M.; Migdał, W.; Gąsior, R.; Rudzińska, M.; Bederska-Łojewska, D.; Pieszka, M.; Szczurek, P. Native Oils from Apple, 

Blackcurrant, Raspberry, and Strawberry Seeds as a Source of Polyenoic Fatty Acids, Tocochromanols, and Phytosterols: A 

Health Implication. J. Chem. 2015, 2015, e659541. https://doi.org/10.1155/2015/659541. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

 


