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Abstract

:

Simple Summary


The water buffalo is found in many tropical countries worldwide. In the current world scenario, where meeting the protein requirements of the population is one of the biggest future challenges, buffalo meat could be a good source of protein and other nutrients. Currently, very little information is available regarding buffalo meat quality attributes. Therefore, this study was designed to evaluate the effects of aging time and muscle type on meat quality attributes (pH, color, tenderness, water holding capacity, and sensory acceptance) of buffalo meat. The results showed that color, tenderness, and sensory attributes were improved with aging time; the suitable aging time required to enhance meat quality attributes in Longissimus lumborum and Gluteus medius muscles is 28 and 21 days, respectively.




Abstract


The present study aimed to investigate the effect of wet aging on meat quality characteristics of Longissimus lumborum (LL) and Gluteus medius (GM) muscles of buffalo bulls. Meat samples from six aging periods, i.e., 0 day (d) = control, 7 d, 14 d, 21 d, 28 d, and 35 d, were evaluated for pH, color, metmyoglobin content (MetMb%), cooking loss, water holding capacity (WHC), myofibrillar fragmentation index (MFI), Warner–Bratzler shear force (WBSF), and sensory evaluation. The pH, instrumental color redness (a *), yellowness (b *), chroma (C *), and MetMb% values were increased, while the lightness (L *) and hue angle (h *) values showed non-significant (p > 0.05) differences in both LL and GM muscles in all aging periods. The cooking loss increased while WHC decreased till 35 days of aging. MFI values significantly (p < 0.05) increased, while WBSF values decreased; in addition, sensory characteristics were improved with the increase in the aging period. Overall, the color, tenderness, and sensory characteristics were improved in LL and GM muscles until 28 and 21 days of aging, respectively. Based on the evaluated meat characteristics, 28 days of aging is required to improve the meat quality characteristics of LL, whereas 21 days of aging is suitable for GM muscle.
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1. Introduction


The water buffalo (Bubalus bubalis) is found in many tropical countries globally, particularly in the Southeast Asia region [1]. These buffalo are primarily kept for milk purposes; however, they have excellent potential for meat production and play a vital role in the agricultural economies of many developing countries [2]. The water buffalo is an excellent converter of low-quality forage into good-quality meat, is resistant to many bovine diseases, and has excellent body weight gain, making it easier to manage them on locally available roughages [3]. Buffalo meat is almost similar to cattle meat; moreover, its meat has many superior characteristics, including higher protein, low fat, and cholesterol content [4]. In the current world scenario, where 1.4 billion people are protein deficient [5], buffalo meat could be a good source of protein and other nutrients, and it can serve a crucial part towards achieving the Sustainable Developmental Goal of the United Nations for food security for all.



Meat quality is described by many attributes, including its color, tenderness, juiciness, flavor, and palatability. Among all these attributes, tenderness is considered the primary quality characteristic regarding eating satisfaction [6,7]. This is evidenced by consumers’ willingness to pay the extra price for guaranteed tender beef [8]. Meat juiciness positively correlates with tenderness and depends on moisture retention during meat processing [9]. Inconsistency in meat tenderness has always been a significant concern for the beef industry. One reason for this inconsistency is the individual variations among different beef muscles [10,11]. Meat color is another critical quality attribute, as consumers associate bright cherry-red color with the freshness and wholesomeness of meat [12,13].



Researchers have developed various techniques to improve meat quality [14,15]. Post-slaughter interventions such as suspension methods, blade tenderization, exogenous enzymes, and conventional aging procedures are used to improve meat tenderness [16]. Among all these methods, postmortem aging is widely used by the industry to improve beef quality, particularly tenderness and palatability [8]. During postmortem aging, actin-myosin cross-linkages are broken down by different proteolytic enzymes that result in tender meat [17]. The aging process also improves meat color. The reduction in oxygen consumption rates with an enhanced storage period leads to the bright red color of meat [18]. Similarly, early activation of calpain-2 during the postmortem aging period coincides with improved meat’s juiciness [9]. Previous studies have performed the meat aging maximum until 28 days, and it is known that aging improves the tenderness during the first 14 days postmortem of cattle and lamb [19,20]. However, this study used the extended aging time (up to 35 days) because the proteolytic enzymes’ action is slower in buffalo than in cattle [7].



Among aging methods, wet aging has an advantage over dry-aging due to less weight loss, juicier meat, and little or no shrinkage of meat at storage temperature. This is also an inexpensive and less time-consuming method [18,21,22]. Being high value meat muscles among consumers, Longissimus lumborum (LL) and Gluteus medius (GM) were selected for the current study; as these muscles differ in their biochemical properties and tenderness, they respond differently to postmortem aging [8,23,24]. Therefore, the present study was designed to investigate the effect of wet aging on the meat quality characteristics of Longissimus lumborum (LL) and Gluteus medius (GM) muscles of buffalo bulls.




2. Materials and Methods


2.1. Ethics Statement


All studies related to animals were pre-approved (vide letter No. DR/567) by the Institutional Ethical Review Committee, Office of Research Innovation and Commercialization (ORIC), the University of Veterinary and Animal Sciences (UVAS), Lahore, Pakistan.




2.2. Animals Slaughtering


Buffalo bulls (n = 18) of the Nili-Ravi breed were procured from Research & Development Farm, Big Feed (Pvt.) Ltd., Lahore, Pakistan. Animals were 24 months of age (average body weight 290 ± 10 kg), reared under similar management and feeding conditions. All the animals were transported to the lairage facility of the University of Veterinary and Animal Sciences, Lahore, Pakistan. The animals were off-feed for 12 h before the slaughtering to ensure hygienic processing with free access to water. The animals were randomly slaughtered at University commercial slaughterhouse facility following the Halal slaughtering guidelines mentioned in Pakistan Halal Standards PS3733. The average hot carcass weights were 140 kg (SD = 10), and carcasses were chilled at 0–2 °C for 24 h.




2.3. Muscle Sampling and Aging Processing


Following chilling, carcasses were deboned at 10 ± 1 °C, and both-sided Longissimus lumborum (LL) and Gluteus medius (GM) muscles were removed. Every LL and GM was cut into steaks (n = 9), each steak with 2.5 cm thickness, and tagged for identification [7]. All LL (n = 18) steaks and GM steaks (n = 18) of each carcass were mixed separately for randomization. Three steaks were selected for each aging period (0 d = control, 7 d, 14 d, 21 d, 28 d, and 35 d) from both muscles of the carcass. One of the steaks was utilized to estimate pH, color, aging loss, cooking loss, tenderness, and water holding capacity (WHC), one was used for the evaluation of metmyoglobin and myofibrillar fragmentation index (MFI), and the remaining one steak was used for sensory evaluation by a sensory panel. Except for the control, all other steaks were vacuum packed in polyethylene bags (150 × 200, PA/PE 90) by a vacuum packing machine (Multivac® Baseline, C300 twin, Wolfertschwenden, Germany) and stored at 0–2 °C for processing at 7 d, 14 d, 21 d, 28 d, and 35 d storage periods.




2.4. Study Parameters


2.4.1. Instrumental Color


Instrumental color values of meat samples were measured using Minolta Chroma meter (Konica Minolta® CR-410, Tokyo, Japan), provided with C illuminant, 2o standard observer, and 50 mm aperture, calibrated with a white tile each time before taking measurements [25]. Meat sample was removed from vacuum packs in the meat processing hall maintained at 10 ± 1 °C and bloomed for one hour in horizontal display chiller (ALVO, Model MD-12, size: 72″ × 42″ × 48″ by Technosight, Lahore, Pakistan) working at 0–4 °C [26]. Following the CIELAB color system, color values were measured, i.e., lightness (L *), redness (a *), yellowness (b *), hue angle (h), and chroma (C *). Three values from each steak were taken by placing the chroma meter at three different locations, and the mean value was calculated.




2.4.2. pH Measurement


The pH of meat samples was measured by pH meter (WTW, pH 3210 SET 2, Wissenschaftlich-Technische Werkstätten GmbH, Weilheim, Germany), calibrated at pH 4 and 7. The pH meter probe was inserted at three different sites in the steak, and the mean value was calculated.




2.4.3. Metmyoglobin Content


Metmyoglobin content (MetMb%) was determined as described by [27]. A meat sample of 5 g was homogenized with 25 mL of 40 mM phosphate buffer (pH 6.8) for 10 s and then refrigerated at 4 °C for one hour. Afterward, the sample was centrifuged at 4500× g for 30 min, and the supernatant was filtered by a Whatman filter paper No. 1, using a spectrophotometer. The sample’s absorption values were observed at wavelengths of 525, 545, 565, and 572 nm. The MetMb% of the meat sample was calculated with the given formula.


MetMb% = [−2.51 (A572/A525) + 0.777(A565/A525) + 0.8(A545/A525) +1.098] × 100



(1)







In the above formula, A represents the absorbance value with respect to wavelengths.




2.4.4. Water Holding Capacity (WHC)


Water holding capacity was measured with a compression machine (YYW-2, Nanjing Soil Instrument, Nanjing, China). A raw meat sample of 5 g was weighed and folded in filter papers. Then, it was compressed with a force of 373 N for 5 min. The weight of meat samples before and after the compression was recorded by the digital compact weighing balance (SF-400, 7000 g ± 1 g). The expressible water (%) was calculated using the following formula [28].


Expressible water (%) = w1 − w2/w1 × 100



(2)




where w1 = initial weight of meat sample, and w2 = final weight of meat sample.




2.4.5. Cooking Loss


For measuring cooking loss, samples were packed in polyethylene bags (150 × 200, PA/PE 90) and cooked in a waterbath (WNB45, Memmert GmbH + Co. KG, Schwabach, Germany) maintained at 82 °C until the core temperature of meat samples reached up to 72 °C [29] as recorded by digital food thermometer (TP101; temperature range of −50 °C to 300 °C). The weight of the initial raw meat sample and the cooked sample was recorded by digital compact weighing balance (SF-400, 7000 g ± 1 g, Zhejiang Tiansheng Electronic Co., Ltd., Zhejiang, China); the cooking loss was calculated using the following formula [30].


Cooking Loss (%) = w1 − w2/w1 × 100



(3)




where w1 = weight of steak before cooking, and w2 = weight of steak after cooking.




2.4.6. Warner–Bratzler Shear Force


The tenderness of meat samples was determined in terms of Warner–Bratzler shear force (WBSF) values. First, the cooked meat samples were chilled overnight at 0–4 °C [31]. Then, 6 cm long × 1 cm high × 1 cm wide strips of muscles were cut parallel to the direction of muscle fibers and sheared under a V-shaped stainless-steel blade, while the meat strips were placed with fibers oriented perpendicular to the Warner–Bratzler shear force device coupled with a texture analyzer (TA.XT plus® texture analyzer, Stable Micro Systems Ltd., Godalming, UK). The WBSF value was recorded in newton per centimeter square (N/cm2). Three readings for each sample were taken. Furthermore, the mean value was calculated.




2.4.7. Myofibrillar Fragmentation Index (MFI)


To estimate myofibrillar fragmentation index, a 50 mL solution was prepared containing cold sucrose (0.24 M) and potassium chloride (0.02 M). A minced meat sample of 10 g was added to the prepared solution and blended for 40 s at high speed in a tissue homogenizer. This homogenate was filtered using a cheesecloth, and after this, we also recorded the weight of the cheesecloth separately. The MFI was calculated as the residue’s weight in grams multiplied by 100 [32].


MFI = residue (grams) × 100



(4)








2.4.8. Sensory Analysis


The meat samples from different storage durations were taken and cooked on a hot plate to attain the core temperature of 80 °C. Each meat sample was divided into equal cubes and served to trained panelists comprised of 8 members, including postgraduate students, a lecturer, and an assistant professor from the University. The sensory analysis was performed in the sensory analysis lab at the Department of Meat Sciences UVAS Lahore, followed by the mouth rinse method to avoid the carry-over taste effect. To avoid biases, the tagging of samples was non-familiar to the sensory panel. Panelists judged the meat samples for overall tenderness, juiciness, flavor intensity, and overall acceptability on an 8-point hedonic scale, where 8 = extremely beef-like odor, extreme flavor intensity, extremely tender, extremely juicy, and high overall acceptance, while 1 = extremely non-beef-like odor, extremely weak flavor intensity, extremely tough, extremely dry, and extremely low overall acceptance [33].





2.5. Statistical Analysis


Data regarding the effect of aging period on meat color, tenderness, and sensory analysis were analyzed under a complete randomized design by using two-way ANOVA through SAS software (version 9.1). The significant difference was considered at p < 0.05. The means were compared using DMR Test [34].



The following mathematical model was used:


Y = μ + F1i + F2j + (F1 F2)ij + εij



(5)




where Y = response variable, μ = overall population mean, F1i = fixed effect of muscle type, F2j = fixed effect of aging period, (F1 F2)ij = interaction effect of muscle type and aging period, and εij = random error.





3. Results


3.1. Instrumental Color


The results of the instrumental color analysis after aging for 0, 7, 14, 21, 28, and 35 days are presented in Table 1.



Both muscle type and aging time significantly (p ≤ 0.05) influenced the CIE a * values; GM muscle had higher a * values than LL muscle. During the aging time, a significant (p < 0.05) increase in the CIE a * values was observed from 0 to 7 days, and the highest values were witnessed on days 7 and 14. Additionally, significant (p < 0.05) differences were found in muscle type and aging times’ interactions. Similarly, muscle type and aging time significantly (p < 0.05) affected the chroma values. Furthermore, muscle type and aging time interactions also showed significant (p < 0.05) differences in chroma values. The CIE b * values were significantly (p < 0.05) affected by the aging time and increased from day 0 to 35 days of the storage period. Non-significant differences were found in the values of CIE L * among the two muscles, the aging time, and their interactions. Likewise, no significant (p > 0.05) difference was observed in the hue values of the aging time and its interactions with muscle type; however, significant (p < 0.05) differences were found in the main effects of muscle type, and GM muscle had higher hue values than LL muscle.




3.2. pH


The results of this analysis are summarized in Table 1. There was no significant (p > 0.05) difference in pH of LL and GM muscles; however, the pH was significantly increased with the aging time. Muscle type and aging time interactions showed a non-significant effect on pH values.




3.3. Water Holding Capacity (WHC)


There were no significant (p > 0.05) differences in WHC of the two muscle types; however, aging time significantly (p < 0.05) affected the WHC% of both muscles. The WHC% decreased significantly with the increase in aging time (Figure 1).




3.4. Cooking Loss


There was no significant (p > 0.05) interaction between the muscle type and aging time in cooking loss. Additionally, cooking loss values were independent of muscle type. However, significant (p < 0.05) differences were found in cooking loss values of aging times that increased significantly (p < 0.05) throughout the aging time (Table 2).




3.5. Warner–Bratzler Shear Force


As shown in Table 2, significant (p < 0.05) differences in shear force values were found in the main effect and interaction of muscle type and aging time. GM had lower shear force values than LL. The shear force values significantly (p < 0.05) decreased with an increase in aging time (0, 7, 14, 21, 28, and 35 days). The lowest shear force values were observed on day 35 in both GM and LL muscles.




3.6. Myofibrillar Fragmentation Index (MFI)


There was a significant (p < 0.05) difference in the main effect of the aging time, although a non-significant (p > 0.05) difference in MFI values of different muscles. The interactions between muscle type and aging time showed significant influence on MFI; both muscles presented an increasing trend with the aging time (Table 2).




3.7. Metmyoglobin (%)


As shown in Figure 2, non-significant (p > 0.05) differences were observed in the main effects of muscle type. At the same time, the metmyoglobin (%) values of these two muscles increased significantly (p < 0.05) with increased aging time. Similarly, the interactions between muscle type and aging period had significant (p < 0.05) effects on metmyoglobin (%), which increased with increasing aging duration in both muscle types.




3.8. Sensory Evaluation


The effect of muscle type, aging time, and their interactions on sensory evaluation is shown in Table 3. The LL muscle showed significantly (p ˂ 0.05) better overall acceptability than the GM muscle. However, the panelists observed non-significant differences in odor, flavor, tenderness, and juiciness between the two muscles. The meat texture and overall acceptability were significantly improved throughout the aging time. The meat texture and overall acceptability also showed significant interactions between muscle type and aging time. The LL muscle showed the highest texture characteristics and overall acceptability at 35 days of the storage period.





4. Discussion


The present study aimed to evaluate the muscle-specific effects of aging time on the color, tenderness, and sensory attributes of buffalo meat. Generally, the L * values should be increased with increasing aging time due to protein denaturation with endogenous proteases, leading to the weakening of protein structure, resulting in more light scattering [7]. Similarly, the L * values of the LL and GM muscles increased linearly with an increase in aging time in the present study; however, this increase in L * values was statistically non-significant. Likewise, a * and C * values increased with aging time in both LL and GM muscles. The a * values of both muscles significantly increased up to 28 days of aging, while the C * values of LL and GM muscles increased up to 28 and 35 days, respectively. These results are inconsistent with the findings as reported by Stanišić et al. [35]. The authors found a significant increase in a * and C * values of LL and GM muscles during the aging periods.



Similarly, Stanišić et al. and Vitale et al. [35,36] found that the a * value of LL and GM muscles improved in the aged meat compared with non-aged meat. The improvement in meat color characteristics is attributed to the enhanced blooming ability of aged meat. Tang et al. and Jacob et al. [37,38] concluded that the difference between the blooming ability of the fresh un-aged meat cut surface and aged meat is due to a decrease in oxygen-consuming respiratory enzymes within the mitochondria of aged meat. This reduction allows more oxygen to bind with myoglobin, forming a thicker layer of oxymyoglobin [39]. Another possible reason for the increased a * value from 7 to 14 days of aging might be the exposure of the meat surface to oxygen, which penetrates the meat leading to the conversion of deoxymyoglobin to oxymyoglobin.



The pH values were gradually increased from 5.64 to 5.85 throughout the aging durations. In a similar study, Daszkiewicz et al. [40] also reported an increase in the pH of meat samples up to 14 days of aging. This increase in meat pH during aging could be attributed to the conformational changes linked with the proteolytic degradation of the muscle fibers [41] and hydrolysis of meat proteins into amino acids [42,43]. Likewise, Luz et al. [29] reported an increase in pH values up to 14 days of aging; however, afterward, the pH values decreased until 21 days of aging. This decrease in pH values between 14 and 21 days of aging might be due to a decrease in enzymatic activity with an extended aging time.



The WHC decreased with an increase in the aging time, while the cooking loss initially increased up to 7 days of aging and then decreased gradually throughout aging times. In their studies, Purslow et al. and Cho et al. [44,45] reported decreased WHC and cooking losses during different aging durations. The decrease in WHC with increasing aging duration is mainly caused by proteolysis and small protein fragments, leading to more fluid losses from muscle structure. When both muscles’ interactive effect was compared, LL had more drip losses than GM; this increase in drip losses could be due to more enzymatic reactions within the muscle structure [46]. Similarly, in the present study, an increase in the cooking loss up to 7 days of aging could be due to higher proteolysis during the earlier aging time.



The tenderness of the meat is improved due to the proteolysis of myofibrillar proteins during aging [47,48,49]. Between two muscles, LL showed higher WBSF values than GM muscles; however, both muscles showed a significant decrease in the WBSF values and an increase in myofibrillar fragmentation index (MFI) values during an extended aging period. Similarly, various studies (Vaskoska et al., Shanks et al., Monsón et al., Koohmaraie et al., and Koohmaraie et al. [50,51,52,53,54]) reported a decrease in WBSF values and an increase in the MFI with the extended aging durations. The decrease in WBSF and increase in MFI values in GM muscle could be due to having low connective tissue content and more proteolytic breakdown of cross-linkages between muscle proteins in comparison to LL muscle [55]. In their study, Irurueta et al. [56] also noted a significant decrease in buffalo meat shear force values under vacuum storage of 25 days. This increase in the values of MFI over periods of aging is due to enhanced proteolysis by calpains resulting in myofibril fragmentation and leading to increased tenderness. This gives a fair indication that MFI can be used as an indicator of tenderness which could be used for selecting tender meat for processing and retail sale.



Similar to the present study, Mancini et al. [57] reported an increase in the metmyoglobin concentration with the increase in the aging periods. However, metmyoglobin is the indicator of the shelf life of meat color, and more metmyoglobin formation (brownish color meat) leads to a lower acceptance of the meat by the consumer. In the current study, although the metmyoglobin was increased with an increase in aging time, the improvement in the color characteristics with an increase in the aging period could be attributed to increased color intensities during the blooming process. To reduce metmyoglobin production, one should maintain the storage temperature (0–4 °C) and proper meat handling during transportation [58].



The sensory evaluation showed a better overall acceptability of LL in comparison GM muscle. This could be due to the comparatively better texture and juiciness of the LL than the GM muscle. The texture and overall acceptability were improved throughout the aging periods. Similarly, Monsón et al. [59] evaluated the effect of aging on the sensory characteristics of beef and observed better tenderness and overall acceptability with an aging period. The improvement in the sensory characteristics with aging time could be attributed to increased proteolysis and MFI with aging durations. Between the two muscles, LL showed the highest sensory texture and overall acceptability score throughout aging durations. This could be due to the highest MFI of LL throughout different aging durations, as reported in the current study.




5. Conclusions


Wet aging improved both muscles’ color attributes, tenderness, and sensory characteristics till 35 days of aging. Both LL and GM muscles responded differently to different aging periods. Based on the evaluated meat characteristics, overall, 28 days of aging is required to improve the meat quality of LL, while 21 days of aging is enough for improving the meat quality of GM muscle. However, further studies are needed to explore the effect of wet aging for extended periods on the microbial count, protein oxidation, and volatile compounds, along with the color stability and sensory attributes.







Author Contributions


Conceptualization, M.H.J., M.K.Y., M.I., A.M. and I.H.B.; methodology, O.B.A., B.A., J.N., S.A., K.N., A.R. and U.U.W.; software, A.M., I.H.B., O.B.A.; validation, M.H.J., I.H.B., J.N., B.A. and S.A.; formal analysis, K.N., M.K.Y., M.I. and A.M.; investigation, I.H.B., M.H.J., O.B.A. and M.K.Y.; resources, M.H.J.; data curation, I.H.B., O.B.A., U.U.W., M.K.Y. and A.R.; writing—original draft preparation, M.H.J., M.I., A.M., I.H.B. and U.U.W.; writing—review and editing, M.H.J., B.A., J.N., S.A., K.N., A.R. and I.H.B.; visualization, M.K.Y., M.I. and A.M.; supervision, M.H.J., O.B.A. and I.H.B.; project administration, M.H.J., I.H.B., O.B.A.; funding acquisition, M.H.J. All authors have read and agreed to the published version of the manuscript.




Funding


Higher Education Commission of Pakistan funded this research project under Problem Based Inter-disciplinary Programme (PBIDP/R&D/HEC/1226). Project tilted “Using Innovative Processing and Packaging Technologies to improve meat quality, eating quality, and shelf life of fresh beef and beef products”.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Ethical Review Committee, Office of Research Innovation and Commercialization (ORIC), the University of Veterinary and Animal Sciences (UVAS), Lahore, Pakistan (vide letter no. DR/567, 13 November 2020).




Data Availability Statement


The data are not publicly available.




Acknowledgments


The authors are very thankful to Aftab Ahmad Anjum, Institute of Microbiology, University of Veterinary and Animal Science, Lahore, Pakistan, for the excellent assistance, support, and laboratory facilities in executing this research trial.




Conflicts of Interest


The authors declare that there are no conflict of interest.




References


	



Jaspal, M.H.; Ijaz, M.; Akhtar, M.J.; Nasir, J.; Ullah, S.; Badar, I.H.; Yar, M.K.; Ahmad, A. Effect of Carcass Electrical Stimulation and Suspension Methods on Meat Quality Characteristics of Longissimus lumborum of Young Buffalo (Bubalus bubalis) Bulls. Food Sci. Anim. Resour. 2021, 41, 34. [Google Scholar] [CrossRef] [PubMed]

	



El Debaky, H.A.; Kutchy, N.A.; Ul-Husna, A.; Indriastuti, R.; Akhter, S.; Purwantara, B.; Memili, E. Potential of water buffalo in world agriculture: Challenges and opportunities. Appl. Ani. Sci. 2019, 35, 255–268. [Google Scholar] [CrossRef]

	



Hamid, M.A.; Siddiky, M.N.A.; Rahman, M.A.; Hossain, K.M. Scopes and opportunities of buffalo farming in Bangladesh: A review. SAARC J. Agric. 2016, 14, 63–77. [Google Scholar] [CrossRef]

	



Naveena, B.M.; Kiran, M. Buffalo meat quality, composition, and processing characteristics: Contribution to the global economy and nutritional security. Anim. Front. 2014, 4, 18–24. [Google Scholar] [CrossRef]

	



Medek, D.E.; Schwartz, J.; Myers, S.S. Estimated effects of future atmospheric CO2 concentrations on protein intake and the risk of protein deficiency by country and region. Environ. Health Perspect. 2017, 125, 087002. [Google Scholar] [CrossRef]

	



Kausar, T.; Hanan, E.; Ayob, O.; Praween, B.; Azad, Z.R.A.A. A review on functional ingredients in red meat products. Bioinformation 2019, 15, 358. [Google Scholar] [CrossRef] [PubMed]

	



Ijaz, M.; Jaspal, M.H.; Hayat, Z.; Yar, M.K.; Badar, I.H.; Ullah, S.; Hussain, Z.; Ali, S.; Farid, M.U.; Farooq, M.Z.; et al. Effect of animal age, postmortem chilling rate, and aging time on meat quality attributes of water buffalo and humped cattle bulls. Anim. Sci. J. 2020, 91, 13354. [Google Scholar] [CrossRef]

	



Nair, M.N.; Canto, A.C.; Rentfrow, G.; Suman, S.P. Muscle-specific effect of aging on beef tenderness. LWT 2019, 100, 250–252. [Google Scholar] [CrossRef]

	



Colle, M.J.; Nasados, J.A.; Rogers, J.M.; Kerby, D.M.; Colle, M.M.; Van Buren, J.B.; Richard, R.P.; Murdoch, G.K.; Williams, C.J.; Doumit, M.E. Strategies to improve beef tenderness by activating calpain-2 earlier postmortem. Meat Sci. 2018, 135, 36–41. [Google Scholar] [CrossRef] [PubMed]

	



Picard, B.; Gagaoua, M.; Micol, D.; Cassar-Malek, I.; Hocquette, J.F.; Terlouw, C.E. Inverse relationships between biomarkers and beef tenderness according to contractile and metabolic properties of the muscle. J. Agric. Food Chem. 2014, 62, 9808–9818. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez, J.M.; Phelps, K.J. United States beef quality as chronicled by the National Beef Quality Audits, Beef Consumer Satisfaction Projects, and National Beef Tenderness Surveys—A review. Asian-Australas. J. Anim. Sci. 2018, 31, 1036. [Google Scholar] [CrossRef]

	



Suman, S.P.; Joseph, P. Myoglobin chemistry and meat color. Annu. Rev. Food Sci. Technol. 2013, 4, 79–99. [Google Scholar] [CrossRef] [PubMed]

	



Neethling, N.E.; Suman, S.P.; Sigge, G.O.; Hoffman, L.C.; Hunt, M.C. Exogenous and endogenous factors influencing color of fresh meat from ungulates. Meat Muscle Biol. 2017, 1, 253–275. [Google Scholar] [CrossRef]

	



Naveena, B.M.; Mendiratta, S.K.; Anjaneyulu, A.S.R. Tenderization of buffalo meat using plant proteases from Cucumis trigonus Roxb (Kachri) and Zingiber officinale roscoe (Ginger rhizome). Meat Sci. 2004, 68, 363–369. [Google Scholar] [CrossRef]

	



Ramanathan, R.; Suman, S.P.; Faustman, C. Biomolecular interactions governing fresh meat color in post-mortem skeletal muscle: A review. J. Agric. Food Chem. 2020, 68, 12779–12787. [Google Scholar] [CrossRef]

	



Bhat, Z.F.; Morton, J.D.; Mason, S.L.; Bekhit, A.E.D.A. Applied and emerging methods for meat tenderization: A comparative perspective. Compr. Rev. Food Sci. Food Saf. 2018, 17, 841–859. [Google Scholar] [CrossRef] [PubMed]

	



Lana, A.; Zolla, L. Proteolysis in meat tenderization from the point of view of each single protein: A proteomic perspective. J. Proteom. 2016, 147, 85–97. [Google Scholar] [CrossRef] [PubMed]

	



Lindahl, G. Colour stability of steaks from large beef cuts aged under vacuum or high oxygen modified atmosphere. Meat Sci. 2011, 87, 428–435. [Google Scholar] [CrossRef]

	



Ijaz, M.; Li, X.; Zhang, D.; Hussain, Z.; Ren, C.; Bai, Y.; Zheng, X. Association between meat color of DFD beef and other quality attributes. Meat Sci. 2020, 161, 107954. [Google Scholar] [CrossRef]

	



Xiao, X.; Hou, C.; Zhang, D.; Li, X.; Ren, C.; Ijaz, M.; Hussain, Z.; Liu, D. Effect of pre-and post-rigor on texture, flavor, heterocyclic aromatic amines and sensory evaluation of roasted lamb. Meat Sci. 2020, 169, 108220. [Google Scholar] [CrossRef]

	



Hwang, Y.H.; Sabikun, N.; Ismail, I.; Joo, S.T. Comparison of meat quality characteristics of wet-and dry-aging pork belly and shoulder blade. Korean J. Food Sci. Anim. Resour. 2018, 38, 950. [Google Scholar] [CrossRef]

	



Kim, J.H.; Kim, D.H.; Ji, D.S.; Lee, H.J.; Yoon, D.K.; Lee, C.H. Effect of aging process and time on physicochemical and sensory evaluation of raw beef top round and shank muscles using an electronic tongue. Korean J. Food Sci. Anim. Resour. 2017, 37, 823. [Google Scholar]

	



Wright, S.A.; Ramos, P.; Johnson, D.D.; Scheffler, J.M.; Elzo, M.A.; Mateescu, R.G.; Bass, A.L.; Carr, C.C.; Scheffler, T.L. Brahman genetics influence muscle fiber properties, protein degradation, and tenderness in an Angus-Brahman multibreed herd. Meat Sci. 2018, 135, 84–93. [Google Scholar] [CrossRef]

	



Ma, D.; Kim, Y.H.B. Proteolytic changes of myofibrillar and small heat shock proteins in different bovine muscles during aging: Their relevance to tenderness and water-holding capacity. Meat Sci. 2020, 163, 108090. [Google Scholar] [CrossRef]

	



Manzoor, A.; Jaspal, M.H.; Yaqub, T.; Haq, A.U.; Nasir, J.; Avais, M.; Asghar, B.; Badar, I.H.; Ahmad, S.; Yar, M.K. Effect of lactic acid spray on microbial and quality parameters of buffalo meat. Meat Sci. 2020, 159, 107923. [Google Scholar] [CrossRef]

	



Wyrwisz, J.; Moczkowska, M.; Kurek, M.; Stelmasiak, A.; Półtorak, A.; Wierzbicka, A. Influence of 21 days of vacuum-aging on color, bloom development, and WBSF of beef semimembranosus. Meat Sci. 2016, 122, 48–54. [Google Scholar] [CrossRef]

	



Smaoui, S.; Ennouri, K.; Chakchouk-Mtibaa, A.; Karray-Rebai, I.; Hmidi, M.; Bouchaala, K.; Mellouli, L. Relationships between textural modifications, lipid and protein oxidation and sensory attributes of refrigerated turkey meat sausage treated with bacteriocin BacTN635. Food Bioproc. Tech. 2017, 10, 1655–1667. [Google Scholar] [CrossRef]

	



Li, C.; Liu, D.; Zhou, G.; Xu, X.; Qi, J.; Shi, P.; Xia, T. Meat quality and cooking attributes of thawed pork with different low field NMR T21. Meat Sci. 2012, 92, 79–83. [Google Scholar] [CrossRef] [PubMed]

	



Luz, P.A.C.D.; Jorge, A.M.; Francisco, C.D.L.; Mello, J.L.M.D.; Santos, C.T.; Andrighetto, C. Chemical-physical characteristics of buffalo (Bubalus bubalis) meat subjected to different aging times. Acta Sci. 2017, 39, 419–428. [Google Scholar] [CrossRef]

	



Kim, J.H.; Kim, J.H.; Yoon, D.K.; Ji, D.S.; Jang, H.J.; Lee, C.H. A comparison of dry and wet aging on physicochemical and sensory characteristics of pork loin with two aging times. Food Sci. Biotechnol. 2018, 27, 1551–1559. [Google Scholar] [CrossRef] [PubMed]

	



Stenström, H.; Li, X.; Hunt, M.C.; Lundström, K. Consumer preference and effect of correct or misleading information after ageing beef longissimus muscle using vacuum, dry ageing, or a dry ageing bag. Meat Sci. 2014, 96, 661–666. [Google Scholar] [CrossRef]

	



Davis, G.W.; Dutson, T.R.; Smith, G.C.; Carpenter, Z.L. Fragmentation procedure for bovine longissimus muscle as an index of cooked steak tenderness. J. Food Sci. 1980, 45, 880–884. [Google Scholar] [CrossRef]

	



Caine, W.R.; Aalhus, J.L.; Best, D.R.; Dugan, M.E.R.; Jeremiah, L.E. Relationship of texture profile analysis and Warner-Bratzler shear force with sensory characteristics of beef rib steaks. Meat Sci. 2003, 64, 333–339. [Google Scholar] [CrossRef]

	



Duncan, D.B. Multiple range and multiple F tests. Biometrics 1955, 11, 1–42. [Google Scholar] [CrossRef]

	



Stanišić, N.; Petričević, M.; Živković, D.; Petrović, M.M.; Ostojić-Andrić, D.; Aleksić, S.; Stajić, S. Changes of physical-chemical properties of beef during 14 days of chilling. Biotechnol. Anim. Husb. 2012, 28, 77–85. [Google Scholar] [CrossRef]

	



Vitale, M.; Pérez-Juan, M.; Lloret, E.; Arnau, J.; Realini, C.E. Effect of aging time in vacuum on tenderness, and color and lipid stability of beef from mature cows during display in high oxygen atmosphere package. Meat Sci. 2014, 96, 270–277. [Google Scholar] [CrossRef] [PubMed]

	



Tang, J.; Faustman, C.; Hoagland, T.A.; Mancini, R.A.; Seyfert, M.; Hunt, M.C. Postmortem oxygen consumption by mitochondria and its effects on myoglobin form and stability. J. Agric. Food Chem. 2005, 53, 1223–1230. [Google Scholar] [CrossRef]

	



Jacob, R. Implications of the variation in bloom properties of red meat: A review. Meat Sci. 2020, 162, 108040. [Google Scholar] [CrossRef]

	



Seideman, S.C.; Cross, H.R.; Smith, G.C.; Durland, P.R. Factors associated with fresh meat color: A review. J. Food Qual. 1984, 6, 211–237. [Google Scholar] [CrossRef]

	



Daszkiewicz, T.; Wajda, S.; Matusevicius, P. Changing of beef quality in the process of storage. Vet. Zootech. 2003, 21, 62–65. [Google Scholar]

	



Lawrie, R.; Ledward, D. Lawrie’s Meat Science, 7th ed.; Woodhead Publishing: Cambridge, UK, 2006; pp. 279–341. [Google Scholar]

	



Gašperlin, L.; Žlender, B.; Abram, V. Colour of beef heated to different temperatures as related to meat ageing. Meat Sci. 2001, 59, 23–30. [Google Scholar] [CrossRef]

	



Florek, M.; Litwinczuk, A.; Skalecki, P.; Ryszkowska-Siwko, M. Changes of physicochemical properties of bullocks and heifers meat during 14 days of ageing under vacuum. Polish J. Food Nutr. Sci. 2007, 57, 281–287. [Google Scholar]

	



Purslow, P.P.; Oiseth, S.; Hughes, J.; Warner, R.D. The structural basis of cooking loss in beef: Variations with temperature and ageing. Food Res. Int. 2016, 89, 739–748. [Google Scholar] [CrossRef] [PubMed]

	



Cho, S.; Kang, S.M.; Seong, P.; Kang, G.; Kim, Y.; Kim, J.; Lee, S.; Kim, S. Effect of aging time on physicochemical meat quality and sensory property of Hanwoo bull beef. Korean J. Food Sci. Anim. Resour. 2016, 36, 68. [Google Scholar] [CrossRef] [PubMed]

	



Huff-Lonergan, E.; Sosnicki, A. Water-holding capacity of fresh meat. Fact Sheet 2002, 4669. Available online: https://porkgateway.org/wp-content/uploads/2015/07/water-holding-capacity-of-fresh-meat.pdf (accessed on 28 July 2021).

	



Koohmaraie, M. Biochemical factors regulating the toughening and tenderization processes of meat. Meat Sci. 1996, 43, 193–201. [Google Scholar] [CrossRef]

	



Devine, C.E.; Graafhuis, A.E. The basal toughness of unaged lamb. Meat Sci. 1995, 39, 285–291. [Google Scholar] [CrossRef]

	



Dransfield, E. Optimisation of tenderisation, ageing and tenderness. Meat Sci. 1994, 36, 105–121. [Google Scholar] [CrossRef]

	



Vaskoska, R.; Ha, M.; Naqvi, Z.B.; White, J.D.; Warner, R.D. Muscle, ageing and temperature influence the changes in texture, cooking loss and shrinkage of cooked beef. Foods 2020, 9, 1289. [Google Scholar] [CrossRef] [PubMed]

	



Shanks, B.C.; Wulf, D.M.; Maddock, R.J. The effect of freezing on Warner-Bratzler shear force values of beef longissimus steaks across several postmortem aging periods. J. Anim. Sci. 2002, 80, 2122–2125. [Google Scholar] [CrossRef] [PubMed]

	



Monsón, F.; Sañudo, C.; Sierra, I. Influence of cattle breed and ageing time on textural meat quality. Meat Sci. 2004, 68, 595–602. [Google Scholar] [CrossRef]

	



Koohmaraie, M.; Seidemann, S.C.; Schollmeyer, J.E.; Dutson, T.R.; Crouse, J.D. Effect of post-mortem storage on Ca++-dependent proteases, their inhibitor and myofibril fragmentation. Meat Sci. 1987, 19, 187–196. [Google Scholar] [CrossRef]

	



Koohmaraie, M.; Shackelford, S.D.; Wheeler, T.L.; Lonergan, S.M.; Doumit, M.E. A muscle hypertrophy condition in lamb (callipyge): Characterization of effects on muscle growth and meat quality traits. J. Anim. Sci. 1995, 73, 3596–3607. [Google Scholar] [CrossRef]

	



Kemp, C.M.; Sensky, P.L.; Bardsley, R.G.; Buttery, P.J.; Parr, T. Tenderness—An enzymatic view. Meat Sci. 2010, 84, 248–256. [Google Scholar] [CrossRef] [PubMed]

	



Irurueta, M.; Cadoppi, A.; Langman, L.; Grigioni, G.; Carduza, F. Effect of aging on the characteristics of meat from water buffalo grown in the Delta del Paraná region of Argentina. Meat Sci. 2008, 79, 529–533. [Google Scholar] [CrossRef] [PubMed]

	



Mancini, R.A.; Ramanathan, R. Effects of postmortem storage time on color and mitochondria in beef. Meat Sci. 2014, 98, 65–70. [Google Scholar] [CrossRef]

	



Ramanathan, R.; Mancini, R.A. Role of mitochondria in beef color: A review. Meat Muscle Biol. 2018, 2, 309–320. [Google Scholar] [CrossRef]

	



Monsón, F.; Sañudo, C.; Sierra, I. Influence of breed and ageing time on the sensory meat quality and consumer acceptability in intensively reared beef. Meat Sci. 2005, 71, 471–479. [Google Scholar] [CrossRef]








[image: Animals 11 02248 g001 550] 





Figure 1. Effect of aging time on water holding capacity of two different muscles of buffalo meat. 
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Figure 2. Effects of aging time and muscle type on Metmyoglobin% of buffalo meat. 
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Table 1. Effects of aging time and muscle type on instrumental color (CIE L *, a *, b *, C *, h) and pH values of buffalo meat.
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Aging (Days)

	
Muscle Type

	
Color

	
pH




	
L *

	
a *

	
b *

	
C *

	
h






	
0

	
Longissimus lumborum (LL)

	
43.15 ± 0.62

	
18.83 ± 0.40 d

	
7.18 ± 0.27

	
19.96 ± 0.35 c

	
20.73 ± 0.70

	
5.74 ± 0.07




	
7

	
44.65 ± 0.75

	
20.22 ± 0.45 abc

	
8.21 ± 0.59

	
21.53 ± 0.55 abc

	
20.86 ± 0.78

	
5.74 ± 0.04




	
14

	
45.11 ± 0.88

	
19.80 ± 0.44 abcd

	
7.93 ± 0.30

	
22.38 ± 1.23 a

	
20.93 ± 1.10

	
5.78 ± 0.05




	
21

	
44.13 ± 0.89

	
19.74 ± 0.36 bcd

	
8.04 ± 0.52

	
20.73 ± 0.38 bc

	
20.07 ± 0.82

	
5.81 ± 0.03




	
28

	
45.24 ± 0.79

	
21.07 ± 0.40 ab

	
8.95 ± 0.46

	
21.19 ± 0.53 abc

	
21.44 ± 0.84

	
5.84 ± 0.04




	
35

	
44.61 ± 0.37

	
19.53 ± 0.54 cd

	
10.53 ± 1.83

	
20.91 ± 0.59 abc

	
20.50 ± 0.71

	
5.84 ± 0.03




	
0

	
Gluteus medius (GM)

	
42.77 ± 0.55

	
19.59 ± 0.42 cd

	
8.03 ± 0.55

	
20.83 ± 0.40 abc

	
20.91 ± 0.91

	
5.65 ± 0.08




	
7

	
43.62 ± 0.86

	
21.17 ± 0.37 a

	
9.22 ± 0.36

	
22.24 ± 0.52 ab

	
22.38 ± 0.79

	
5.68 ± 0.04




	
14

	
43.78 ± 0.53

	
20.61 ± 0.45 abc

	
9.27 ± 0.48

	
22.19 ± 0.60 ab

	
22.86 ± 0.96

	
5.71 ± 0.06




	
21

	
44.26 ± 0.68

	
20.13 ± 0.34 abcd

	
8.35 ± 0.50

	
21.36 ± 0.39 abc

	
21.87 ± 1.38

	
5.75 ± 0.05




	
28

	
43.12 ± 1.80

	
20.34 ± 0.45 abc

	
8.79 ± 0.43

	
21.80 ± 0.57 abc

	
21.79 ± 0.66

	
5.78 ± 0.03




	
35

	
44.81 ± 0.80

	
20.49 ± 0.45 abc

	
9.12 ± 0.57

	
22.48 ± 0.60 a

	
23.29 ± 1.04

	
5.82 ± 0.03




	
p-value

	

	

	

	

	

	

	




	
Muscle type

Aging (days)

Interactions

	

	
0.133

0.438

0.739

	
0.034

0.005

0.006

	
0.422

0.048

0.110

	
0.030

0.024

0.048

	
0.007

0.762

0.701

	
0.5451

0.0236

0.2302








a,b,c,d Superscripts on different means within column differ significantly, p ≤ 0.05; L * = Lightness, a * = redness, b * = yellowness, C * = chroma, h = hue angle.
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Table 2. Effect of aging time and muscle type on cooking loss, WBSF, and MFI values of buffalo meat.
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Aging (Days)

	
Muscle Type

	
Parameters




	
Cooking Loss

	
WBSF

	
MFI






	
0

	
Longissimus lumborum (LL)

	
35.67 ± 1.04

	
49.85 ± 3.14 a

	
567.78 ± 30.55 c




	
7

	
38.19 ± 1.05

	
43.38 ± 2.45 ab

	
588.39 ± 37.12 c




	
14

	
37.24 ± 0.86

	
37.47 ± 2.28 bc

	
634.83 ± 33.39 bc




	
21

	
37.56 ± 0.69

	
34.37 ± 1.69 cd

	
649.44 ± 41.47 abc




	
28

	
36.12 ± 1.16

	
29.12 ± 1.44 def

	
653.22 ± 51.97 abc




	
35

	
36.26 ± 1.30

	
24.75 ± 1.81 f

	
768.44 ± 34.32 a




	
0

	
Gluteus medius (GM)

	
36.22 ± 0.71

	
47.81 ± 3.28 a

	
544.56 ± 47.41 c




	
7

	
38.40 ± 0.50

	
38.58 ± 2.73 bc

	
568.83 ± 36.15 c




	
14

	
38.04 ± 0.43

	
33.48 ± 2.63 cde

	
588.06 ± 29.05 c




	
21

	
37.85 ± 0.79

	
29.17 ± 1.90 def

	
593.11 ± 52.05 c




	
28

	
36.15 ± 1.19

	
27.03 ± 1.77 ef

	
650.78 ± 43.91 abc




	
35

	
36.90 ± 1.04

	
25.96 ± 1.77 f

	
736.83 ± 40.31 ab




	
p-value

	

	

	

	




	
Muscle type

Aging (days)

	

	
0.2969

0.0104

	
0.0361

<0.0001

	
0.2011

<0.0001




	
Interactions

	

	
0.0609

	
<0.0001

	
0.0016








a,b,c,d,e,f Superscripts on different means within column differ significantly, p ≤ 0.05; WBSF = Warner–Bratzler Shear force, MFI = Myofibrillar Fragmentation Index.
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Table 3. Effect of aging time and muscle type on sensory characteristics of Buffalo meat.
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Aging (Days)

	
Muscle Type

	
Odor

	
Flavor Intensity

	
Overall

Tenderness

	
Juiciness

	
Overall Acceptability






	
0

	
Longissimus lumborum (LL)

	
6.12 ± 0.45

	
5.78 ± 0.60

	
6.25 ± 0.73 f

	
5.48 ± 0.61

	
5.42 ± 0.62 c




	
7

	
6.08 ± 0.50

	
5.75 ± 0.53

	
6.66 ± 0.57 e

	
5.54 ± 0.59

	
5.44 ± 0.59 c




	
14

	
6.05 ± 0.19

	
6.69 ± 0.56

	
6.97 ± 0.65 d

	
5.59 ± 0.81

	
5.50 ± 0.81 c




	
21

	
6.00 ± 0.26

	
5.72 ± 0.72

	
7.32 ± 0.69 c

	
5.65 ± 0.73

	
5.67 ± 0.56 b




	
28

	
5.97 ± 0.35

	
5.76 ± 0.51

	
7.47 ± 0.67 b

	
5.64 ± 0.83

	
5.69 ± 0.28 b




	
35

	
5.99 ± 0.31

	
6.82 ± 0.42

	
7.86 ± 0.40 a

	
5.66 ± 0.52

	
5.79 ± 0.57 a




	
0

	
Gluteus medius (GM)

	
6.06 ± 0.29

	
5.69 ± 0.72

	
6.31 ± 0.89 f

	
5.31 ± 0.90

	
5.24 ± 0.78 e




	
7

	
6.03 ± 0.49

	
5.62 ± 0.82

	
6.61 ± 0.69 e

	
5.47 ± 0.58

	
5.32 ± 0.71 d




	
14

	
5.99 ± 0.66

	
5.69 ± 0.54

	
7.02 ± 0.80 d

	
5.48 ± 0.80

	
5.45 ± 0.39 c




	
21

	
5.95 ± 0.11

	
5.72 ± 0.32

	
7.20 ± 0.16 c

	
5.56 ± 0.50

	
5.51 ± 0.21 c




	
28

	
5.90 ± 0.39

	
6.75 ± 0.50

	
7.54 ± 0.42 b

	
5.53 ± 0.63

	
5.56 ± 0.43 c




	
35

	
5.89 ± 0.19

	
6.70 ± 0.27

	
7.63 ± 0.39 ab

	
5.54 ± 0.63

	
5.51 ± 0.45 c




	
p-value

	

	

	

	

	

	




	
Muscle type

Aging (days)

	

	
0.4692

0.0321

	
0.0221

0.8030

	
0.8322

0.6823

	
0.6726

0.9639

	
0.0182

0.0251




	
Interactions

	

	
0.8534

	
0.9353

	
0.0212

	
0.9990

	
0.0158








a,b,c,d,e,f Superscripts on different means within column differ significantly, p ≤ 0.05; Odor score: 8 = extremely beef like, 1 = extremely non-beef like. Flavor score: 8 = extremely strong, 1 = extremely weak. Texture score: 8 = extremely tender, 1 = extremely tough. Juiciness score: 8 = extremely juicy, 1 = extremely dry. Overall acceptability score: 8 = extremely acceptable, 1 = extremely unacceptable.
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