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Abstract

:

Simple Summary


Buffaloes are reared for different purposes, primarily for milk and dairy products. Meat is often a secondary product and mainly derives from old animals at the end of their productive or working life. However, in recent years buffalo meat has gained increased popularity due to its nutritional properties. Therefore, a huge economic potential might arise from the development of the meat sector in buffalo breeding. This review provides an overview of the recent advances in the knowledge on river buffalo meat, with a special focus on quality traits, and offers insights for future research aimed at improving the meat sector in this species.




Abstract


The estimated world population of water buffalo counts around 204 million head, mostly reared for milk production. However, buffaloes also largely contribute to the meat sector, with around 4.3 million tonnes produced in 2019, mainly derived from old animals at the end of their productive or working life and only to a small extent from young animals. Therefore, buffalo meat production has been generally considered unsatisfactory for both quantity and quality. In fact, the dressing percentage is generally lower than 50% and the meat is considered of poor quality mainly due to its dark colour and reduced tenderness. However, in recent years, the healthy properties highlighted by some studies have led to a renewed interest in buffalo meat, with a parallel increase in research. Therefore, this review aims at providing an updated picture on carcass and meat quality traits in river buffalo, with special attention to the intrinsic and extrinsic factors contributing to their variability. The research done so far has demonstrated that river buffaloes can efficiently contribute to the quanti-qualitative production of meat, provided that the meat supply chain is specifically organised for this purpose. The analysis of the available data also showed that further research is needed on the factors affecting meat production in order to gain greater knowledge essential for planning more targeted interventions.
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1. Introduction


According to the FAO database [1], in 2019 the world buffalo population accounted for 204,342,419 head, with a continuous increasing trend over the last decades (+127.5% since 1961 and +24% since 2000). The large majority of buffaloes (97%) are reared in Asia, mainly in India (109.8 million), Pakistan (40.0 million), and China (27.3 million). In other regions, buffaloes are generally concentrated in single countries: Egypt in Africa (3.5 million), Brazil in the Americas (1.4 million), and Italy in Europe (0.4 million). Such a wide world distribution implies the existence of a large variety of situations, with the herd size varying from a few to hundreds of animals, which in turn results in very different breeding practices (for a detailed description, see Borghese and Mazzi [2]). Limited to river buffalo, 22 breeds have been reported [3], with a great variation in morphological and productive traits.



Buffaloes are reared for different purposes, primarily for milk and dairy products. Draught power also remains of prime importance, especially for smallholders in many areas, such as in most southeast Asian countries [2]. Buffaloes also largely contribute to meat production, which mainly derives from old animals at the end of their productive or working life and only to a small extent from young animals.



The world buffalo meat production recorded in 2019 (Table 1) was 4,290,212 tonnes, from 27,692,388 slaughtered head, of which more than 90% is attributable to Asia [1]. As expected, within Asia, the main contributing countries were India (42%), Pakistan (28%), and China (17%). In the other areas, the meat production was concentrated in the single countries where buffaloes are reared.



The different breeds of origin and the different age at slaughter result in a great variation in carcass and meat traits. In addition, the general lack of breeding systems specific for meat production and proper pre- and post-slaughter technologies lead to poor quantitative and qualitative performances that often do not meet the expectations of either producers or consumers [4,5]. On the other hand, buffaloes exhibit positive characteristics as well. They are superior to cattle in exploiting the low-quality feeds typical of many rearing areas and demonstrate a great capacity for adaptation to a wide variety of management conditions [6,7].



Moreover, in recent years buffalo meat has gained increasing popularity due to beneficial properties highlighted by some studies, so much so that it has been defined as “the healthiest meat among red meats for human consumption,” mostly thanks to its reduced fat and cholesterol content [8]. In Australia, the TenderBuff® brand was recently developed to promote the consumption of buffalo meat, offering a quality-assured product with a grid-pricing system based on the specification a carcass achieves [9]. A trademark to valorise buffalo meat was created in Italy, too, called Sapore di Campania (“taste of Campania”), from the name for the Campania region (South Italy), where buffalo farming is concentrated. To be placed on the market with this brand, the meat must meet quality requirements for the content of fat, protein, cholesterol, and iron [10].



All the above considerations highlight the huge economic potential that might arise from the development of the meat sector in buffalo breeding, especially in the main producing countries, that is, India, Pakistan, China, and Egypt, which cover around 95% of global buffalo meat production, but where this potential is not efficiently exploited. For these reasons, in the last few years a considerable amount of work has been done that focuses on buffalo meat and factors that can influence its properties, as documented by several authors [4,8,11,12,13,14].



The aim of this review is to provide an overview of the current knowledge on river buffalo meat, with special focus on quality traits, and to offer insights for future research aimed at improving the meat sector.




2. Growth and Carcass Quality


When analysing and comparing the published data on buffalo production, caution must be taken because the animals under investigation in the different studies were very heterogeneous with respect to several variables, including breed, sex, age, diet, and slaughter weight. The wide geographical, pedological, and climatic differences among the rearing areas all over the world, with their great impact on the breeding systems, were further sources of variation in the meat performances.



According to the published literature, the carcass yield in river buffalo varies between approximately 45% and 59% (Table 2), although about 2/3 of the values are below 50%. This is generally low compared to cattle, mainly due to the significantly higher proportion of head and hide in buffalo [15,16,17,18]. Even lower dressing percentages (about 47%) were obtained from buffalo cows at the end of their reproductive life or culled for reproductive problems, and again the performances were lower than those of bovine females [19]. As can be inferred from the published papers, breed is an important factor affecting carcass yield, but few data exist on the comparison of different breeds [20].



As the age increased, slaughter and carcass weights also increased, but not dressing percentage, which tended to decrease [29,30,31,37]. However, higher slaughter weight corresponded to higher meat yield, due to the lower incidence of bones [20,29,37]. Carcass quality was affected by gender, with a significantly higher dressing percentage in males compared to females, independent of the breed [20]. Moreover, a higher proportion of muscle (67.5% vs. 62.5%) and a lower proportion of fat (12.5% vs. 19.5%) was reported for males compared to females, whereas the proportion of bone was not affected [38]. The effect of castration is controversial, showing either higher yields, as reported for castrated Mediterranean buffaloes due to the lower incidence of skin [34], or the absence of differences, as observed in buffaloes of the “Brazilian type” [31].



The large influence of the farming system on carcass traits has been reported by several studies, with diet playing a major role. In fact, the limited weight gain and carcass yield in buffalo depend in part on the very poor pasture available in most of the rearing areas, and in part on the scarcity of knowledge on the nutritional requirements specific for animals intended for meat production [39], combined with the difficulties of the local farmers to meet the recommended requirements [40] with the available feed. In fact, when subjected to the same feeding regime, similar performances were obtained for buffalo and cattle [17].



Compared to roughage diets, finishing diets supplemented with protein and energy resulted in higher yields [15,22,32], but independent of the type of components or level [28,33]. These findings seem to indicate that high levels of concentrates are not necessary, as confirmed by results from Nili-Ravi young heifers, where high-level diets (1.5% of body weight vs. 0.5% and 1%) only slightly improved daily gain, due to the better feed efficiency of the animals fed low-concentrate levels [24]. Interestingly, it was also found that a high-energy diet (0.9 milk forage unit/kg dry matter) allows for better growing performance if given early in life compared to later administration, as the buffaloes did not show a compensative weight gain [25]. The replacement of corn grains with sugar beet pulp (15 or 30%) improved daily gain in the Nili-Ravi breed while increasing feed efficiency, with significantly lower costs per kg of weight gain [21]. Feeding costs could be contained by replacing expensive protein sources, like soybean, with other more affordable feeds, such as coconut cakes [41], faba bean [27], or cassava residue [23], without negatively affecting the average daily gain or carcass traits. These studies demonstrate that adequate feeding strategies can help reduce feeding costs while maintaining good performance.



Little information exists on river buffalo about the effect of the housing system, which is known to exert an important role on meat production in cattle [42]. As expected, the few available data on buffalo indicate that proper housing conditions can help improve the meat performance, favouring animal welfare, with positive effects on daily gain. For example, in Surti buffalo calves, the winter use of paddy straw as bedding material either on concrete or a soil surface allowed for the best average daily gain and better economic returns for farmers [43].



From the overall data, it can be concluded that the best meat performance, comparable to that of several cattle breeds [44], can be obtained from young males (approximately 20–36 months old) fed a diet including a period with supplementation of protein and energy, possibly provided using local by-products. However, due to the wide variety of management systems, further research taking into account the multiple aspects related to the farming activity will help identify the breeding conditions able to give the best results in the different situations.




3. Meat Quality


Similar to carcass characteristics, the quality of river buffalo meat shows a very high level of variability due to the many affecting factors, both intrinsic and extrinsic.



For ease of reference, in this review the different characteristics contributing to meat quality are subdivided into three categories (chemical and nutritional, technological, and sensory properties), although there are many interrelationships between the different aspects of quality.



3.1. Chemical Composition and Nutritional Properties


Meat is an important source of nutrients for the human diet. However, meat composition varies across species and breeds due to many factors of genetic and environmental origin. Therefore, the availability of data on the chemical composition of meat, determined in different breeds and taking into account the different sources of variation, is fundamental to better understand its role in the human diet [45].



In general, data obtained on Longissimus thoracis et lumborum muscle show that the chemical composition of river buffalo meat (Table 3) is roughly similar to that of bovine meat. The content of total proteins ranges from approximately 19 to 24 g/100 g of meat, with lower values observed in meat from young animals, which is related to the higher water content [29,46,47,48]. In Anatolian buffaloes, differences were observed between groups of different slaughter weights (200 to 350 kg), with higher protein content in the low-weight group [49]. The effect of the muscle is less clear: Some results indicated lower protein content in Semimembranosus compared to Longissimus dorsi and Semitendinosus [28], whereas others did not detect differences [17]. Diet seems not to influence the protein content [22,28,50].



Collagen is the most abundant protein of the connective tissue and plays a fundamental role in determining meat quality [58]. The few data on collagen content show a wide range of variation, with a value of around 7 mg/g being the most common. Great variability can also be observed within a breed: The lowest (4.22 mg/g) and the highest (7.53 mg/g) values were both reported for Mediterranean buffaloes, which differed in age, final weight, and diet [17,22]. The available data indicate that the collagen content increases with age and its solubility decreases [26,59], which can be explained by the increasing amount of non-reducible crosslinks between collagen molecules [60]. Differences also exist between muscles, with a lower collagen content in Longissimus dorsi compared to Biceps femoris and Supraspinatus, independent of age [59]. Moreover, the large range observed can be ascribed to the different production systems, which in bovine breeds has been identified as an important factor of variation [61]. Further investigations should address this component in buffalo species, considering that collagen content and especially its solubility have been known for a long time to be crucial characteristics of the meat for their contribution to the variation in tenderness [62]. Better knowledge on these aspects would be especially important because tenderness is thought to be lower in buffalo compared to cattle, and this represents one of the factors leading to the negative common opinion on buffalo meat. This is also supported by analytical data that show higher collagen content and lower collagen solubility in buffalo compared to several cattle breeds for different purposes, where the collagen amount is mostly lower than 4 mg/g and its solubility is generally in the range of 20–40% [61,63]. However, it should be underlined that few studies have compared buffalo and cattle performance in trials including animals of both species raised under the same conditions. Therefore, the literature data could differ due to the different experimental conditions more rather than due to real differences between the two species. For example, a comparison between young males (10 months old) of Mediterranean buffalo and Italian Simmental breeds subjected to the same feeding protocol showed a similar proximate composition of the meat, but a significantly higher tenderness in buffalo [17]. In addition, the amount of collagen also has an impact on the nutritional value of meat. In fact, it is the major protein of the connective tissue, which has a lower content of essential amino acids compared to contractile tissue. Therefore, meat with a high percentage of collagen will also have relatively lower nutritive value [64].



Despite the importance of the amino acid (AA) composition from the nutritional point of view, very few data exist on river buffalo meat regarding the content of single AA (Table 4), probably due to the complexity of determination, and this limitation also applies to more investigated species, such as cattle [65].



As reported in Table 4, glutamic acid is the most abundant, followed by aspartic acid and lysine, whereas threonine and methionine are the least represented. AA content has been shown to be affected by age [48,66], with somewhat different results. Other factors that influence the AA content are sex, interaction with the seasons (green or dry), and muscle [59,66]. Therefore, the discrepancies in the effect of age and the large range observed for some AAs can be due to differences in the animals and muscles used for the analysis.



Considering the paucity of data, future research on AA composition of buffalo meat is highly desirable, especially due to its impact on the nutritional and sensory properties of the product. As for the nutritional aspect, the protein efficiency ratio, determined using the rat bioassay as a measure of protein quality, showed the highest value for buffalo meat in a comparison including casein, soy protein isolate, and tempeh [67]. In addition, the large amount of glutamate, defined as “nutritionally” non-essential, but “dietary” essential [68], gives the buffalo meat an important role in human nutrition. In addition, buffalo meat provides moderate amounts of carnosine and anserine, two dipeptides with antioxidant properties [69]. However, linked to the possible role of AAs, other aspects need to be investigated to fully evaluate the nutritional value of buffalo meat. Among these, ageing and cooking methods can be mentioned, considering that significant effects on AA composition were observed in other species [70,71,72].



Another interesting area to investigate is linked to the known contribution of amino acids to the taste of different foods, being precursors of volatile compounds associated with aroma [73,74]. The involvement of AAs in taste was also confirmed for beef [75,76], and in the last few years the metabolomic approach has offered a new tool for the identification of potential biomarkers linked to meat quality traits [77], including taste [78]. Therefore, similar studies in buffalo would help to better understand the physiological mechanisms underlying the differences in taste (but also in other quality traits) observed in relation to different factors, such as breed, sex, ageing, processing, and so on.



Buffalo meat is widely recognised to be poor in fat, which is confirmed by literature reports, with values varying approximately between 1 and 4 g/100 g of meat (Table 3). Thanks to its low fat content, it is commonly believed that buffalo meat is healthier than beef. However, when making comparisons, too-high values are sometimes reported as representative of beef [4,79], but they can be applied only to specific cattle breeds, such as those reared in countries where a high fat content is preferred [80]. Otherwise, the fat in buffalo meat is comparable to that of several dairy or beef bovine breeds, where values varying between 1.06% in the Asturiana breed and 3.21% in the Avilena breed are reported [45]. The situation may even be reversed in favour of beef if buffalo is compared to hypertrophied cattle breeds, characterised by very low amounts of fat [81,82,83]. Therefore, it can be concluded that buffalo meat is really low in fat, but its superiority over beef is not as significant as claimed, or, better to say, it depends on the cattle breed used for comparison.



Age and gender are important factors affecting this nutrient: Fat content increases with age [29,46,48,57] and reaches higher values in females [26,47] and steers [57]. Similarly, it was observed that the fat content increases with increasing slaughter weight [49]. Differences in fat content were observed between muscles, with the Semitendinosus showing the lowest value [28,51]. As for feeding, a diet including soybean induced a fat increase, compared to a diet with faba bean [51]. The same occurred with diets supplemented with coconut or palm oil compared to a corn diet [50], or with maize silage compared to alfalfa hay [22]. However, the level of maize silage had no effect on the meat fat content [28].



Moderate levels of cholesterol have been reported for buffalo meat (Table 3), with most of the values around 50–60 mg/100 g meat, which is similar to the range reported for different cuts of beef [84] and for different bovine breeds [81]. A large variability can be observed in Table 3, depending not only on the same factors mentioned for the fat content, but also on the different analytical methods used for the determination. The lowest values in the range were found in Mediterranean buffaloes [51], whereas the highest ones were found in heifers of the Murrah breed [56]. Cholesterol content changes with age: The meat of younger animals has significantly lower content compared to the meat of older ones [48]. Males have lower values compared to heifers [56], but show no difference with respect to steers [57]. Contrary to what was observed for fat, diets with maize silage or alfalfa hay did not induce changes in cholesterol content [22], whereas a higher cholesterol content was observed for a diet with soybean compared to faba bean [51]. In any case, the cholesterol content reported for river buffalo meat is quite low and therefore is not expected to have detrimental effects on human health, also given that serum cholesterol level have been demonstrated to be essentially independent of the cholesterol intake [84].



In recent years the fatty acid (FA) profile of buffalo meat has been extensively studied by several authors, after evidence of its effect on human health [85,86,87]. As the data reported in the literature are often expressed in different units, with “g/100 g of total FAs” being the most commonly used, only those expressed in that unit of measurement are included in Table 5. The other available data were not disregarded, but considered when useful for specific comments.



The data in Table 5 show a great variability in the content of the individual FAs, as well as in the aggregate indices, due to the effects already mentioned for other characteristics. On the whole, the reported values are in the range observed for several European cattle breeds [90]. Similar to beef, the most abundant FAs are oleic (C18:1 n9), stearic (C18:0), palmitic (C16:0), and linoleic (C18:2 n6) acids. Focusing on the aggregate indices, the percentage of SFA, which is known to have adverse health effects [87], is between approximately 35 and 62%, with the highest values observed in the Murrah breed, which also has the lowest percentage of PUFA [56]. However, rather than simply looking at the single FAs, it is more informative to consider some indices, such as the PUFA/SFA and n-6/n-3 ratios, or, even better, the atherogenic (AI) and thrombogenic (TI) indices, which better characterise the health properties of a product [91]. PUFA/SFA ratio values higher than 0.4 are recommended, whereas the n-6/n-3 ratio should not exceed 4.0 [92], but the majority of the data reported for buffalo meat do not respect these limits, as is the case for most bovine breeds [90]. On the other hand, the AI and TI indices, which synthesize the effect that single FAs can have on increasing the risk of coronary heart diseases, are generally lower in comparison to the values reported for several foods of animal origin, including beef (AI: 0.70–0.72, TI: 0.79–1.39), lamb (AI: 1.00, TI: 1.33–1.58), and dairy products (AI: 2.03, TI: 2.07) [93].



As known in cattle [87], the FA profile can be modified by feeding strategies, with the aim of increasing the content of beneficial n-3 PUFA and CLA and reducing SFA. Compared to maize silage, hay induced a lower fat deposition in river buffalo meat, with a higher PUFA/SFA ratio, which is more favourable in relation to human health [22]. The inclusion of soybean oil in the diet, compared to soybean grain, led to higher CLA concentrations and lower SFA contents [94]. The protein source in the concentrate affected only the SFA content, with lower values obtained for diets including faba bean instead of soybean [51]. The energy content of the diet influenced the unsaturated fatty acid composition: MUFA increased with diet with a high energy level, whereas PUFA increased with a low energy level [95]. When subjected to grass feeding, the amount of CLA was higher in buffalo than in cattle, but in any case too low to be considered a significant source for human diets [89].



Meat from young buffaloes (12–18 months) compared to that from adult buffaloes (>3 years) showed superior nutritional quality, due to significantly lower SFA and higher PUFA content [48]. If confirmed, this would be a reason for not delaying the slaughter age beyond two years. Giuffrida de Mendoza et al. [57] investigated the effect of the species (buffalo and cattle) and gender (bulls and steers) on the FA profile at two different ages (19 and 24 months). The results showed that significant differences existed between species and gender, but in general, as the age increased, the differences between buffalo and cattle decreased, whereas those between bulls and steers increased. In the older animals, the PUFA/SFA ratio was higher in bulls relative to steers, combined with a lower atherogenic index, suggesting that meat from intact males has nutritional advantages with respect to steer meat. The meat from males also showed a better FA profile compared to females, thanks to its higher n-3 content, with a consequent lower n-6/n-3 ratio [88]. A study on the impact of buffalo meat consumption on cardiovascular risk revealed possible associations with several beneficial effects, including lower levels of total cholesterol and more favourable vascular parameters [96]. Muscle is a further cause of variability; in fact, when muscles other than Longissimus dorsi were considered, significant differences were observed for almost all the FAs, as well as for the FA classes and quality indices, with the Semitendinosus showing the most healthy FA profile [51].



In bovine breeds, the FA profile has been shown to also have an influence on the sensory characteristics of the meat [83]. For example, palmitic acid had a negative effect on beef flavour [97], whereas oleic acid has been reported to have a role in good meat flavour and savoury taste [98]. As the FA profile can be, at least to a certain extent, modified by dietary intervention, investigation into this aspect could be of interest in buffalo too.



The importance of minerals in human nutrition is well established, but few investigations have focused on the content of these components in buffalo meat. No differences were observed between sexes, except for iron, with a higher content in males compared to females [99]. Age showed an influence on the content of several minerals, but without a common trend [99,100].



In general, the reported values are similar to those observed for cattle breeds [101] and confirm that potassium, phosphorus, sodium, and magnesium are the most abundant minerals (Table 6). However, of primary importance is the role of meat as a relevant source of essential minerals, particularly iron and zinc. The literature data agree that meat from buffalo is richer in iron compared to the amount (1.0–2.0 mg/100 g) reported for different cuts of beef [102,103], which makes it more valuable from the nutritional point of view. As is well known, iron is fundamental for many bodily functions and its deficiency leads to anaemia, which has been defined as “a public health problem, affecting both developing and developed countries with major consequences for human health as well as social and economic development” [104]. Iron deficiency can be overcome primarily by the diet, where meat plays a fundamental role, supplying a considerable amount of iron mostly in the heme form, which is highly bioavailable, compared to the non-heme iron provided by vegetables [105]. Therefore, diets including buffalo meat could be recommended in case of nutritional iron deficiency. In addition, meat is an important source of zinc, which is the component of hundreds of enzymes involved in cell division and growth. An in vitro model showed that zinc deficiency was responsible for decreased neuronal viability and increased rates of apoptosis, which were reversed by zinc supplementation [106]. Meat is also one of the main food groups providing selenium [107], a microelement that has been suggested to play a central role in human health due to several beneficial properties, including antioxidant effects and reduced risk of cancer and cardiovascular diseases [108]. The selenium content in buffalo meat is comparable to that reported for beef [101] and could be increased by dietary strategies [109,110] to produce Se-enriched functional meat. Studies on mineral content in buffalo meat, apart from its importance in human nutrition, would be important to clarify its role in animal performance and beef quality traits, as demonstrated in bovine breeds [109,111].



Meat is rich in vitamins, which are essential nutrients involved in biological functions. In particular, meat and other animal-derived foods are the only source of vitamin B12, the deficiency of which results in haematological and neurological disorders. Despite the interest in how it relates to human health, vitamin content in buffalo meat has been poorly investigated [112], and research would be desirable to fill this knowledge gap.




3.2. Technological Properties


The technological traits of meat, which are the main determinants for consumers’ appreciation, are strictly interrelated. Therefore, dealing with them separately, as in this review, is quite a reductive approach. To compensate for this limit, references will be made to specific reviews in order to give insight into more basic aspects.



In Table 7 the range of values obtained on Longissimus thoracis et lumborum muscle for the traits that determine the technological quality of river buffalo meat is reported. Compared to those covered in the previous paragraphs, the traits considered here show additional variability, depending not only on the pre- and post-mortem factors, but also on the time elapsed since slaughter.



The pH, but especially its post-mortem decline, is a very important trait, because it reflects the effects of the pre- and post-slaughter procedures and, in turn, influences several meat characteristics, such as colour, water holding capacity, tenderness, juiciness, and flavour [117]. Therefore, pH has a great impact on meat quality. Of the vast amount of published data on pH in buffalo meat, only those specifying the moment of the measurement were considered, and, among the remaining, only those determined at 24 h post-mortem were retained. Overall, most of the values reported for the pH of buffalo meat (Table 7) are within the range typical for animals subjected to proper handling, a necessary condition for preventing possible negative effects on the meat quality. However, it is likely that this is not the general situation of retail meat, because the data in the literature mostly refer to animals reared and managed in experimental conditions, which often differ from the usual production systems.



The influence of age on pH was investigated, but with controversial results, indicating either higher values in younger animals [116], or in the older ones [48], or an absence of any effect [114]. The large variability in the age of the animals used in the different studies, together with the differences in the age range within studies, might explain the conflicting results. Sex also seems to affect pH, with higher values reported for males [88,118]. No effects of the diet on pH were reported [33,50]. The pH decline after slaughter was significantly slower in crossbred buffalo meat compared to crossbred cattle beef, with ultimate pH reached in buffalo at 48 h post-mortem [119]. The same trend can be seen from the data of Spanghero et al. [17] in Mediterranean buffalo. The pH continued to decline until day 2 in young buffaloes and until day 6 in the old ones, when a value of 5.42 was reached [115].



In addition, the temperature to which the carcasses are subjected has a great effect on pH [59], making it of great importance to identify the best pH/temperature profile in order to assure satisfactory meat quality [120]. This aspect has been poorly investigated in buffalo and deserves more attention, considering that in some countries, carcasses are often rapidly chilled, and this procedure can cause cold shortening, with the consequent worsening of meat tenderness and colour. Studies in river buffalo demonstrated that electric stimulation could be used to prevent the negative effects of fast cooling [121], eventually combined with hip suspension [122]. Despite its practical importance for the relationship with cold shortening and other meat quality traits [123], only a few authors [26,35] have analysed sarcomere length in buffalo meat, showing higher values in young animals (1.83 µm in 18 months old animals vs. 1.51–1.56 µm in animals over the age of 10 years), considered indicative of more tender meat [26].



As far as we know, no studies in buffalo have considered the effect of stress, which in other species has a well-known impact on meat pH, and consequently on the many quality traits related to pH. Stress can be caused by a wide range of environmental factors, including the production system, duration of transport to the slaughterhouse, and processing procedures at slaughter plants [124]. Therefore, investigations on these aspects would be desirable in the buffalo species as well in order to define the optimal conditions for the meat supply chain to assure a high-quality product.



The water-holding capacity (WHC) is the ability of meat to hold moisture, the largest part of which is represented by water associated with muscle proteins, and it is highly influenced by the rate and extent of pH decrease [117]. In addition to pH, many other factors can affect WHC, including sex, muscle type, and storage temperature. In turn, WHC influences different meat characteristics, such as colour and eating quality [125]. Therefore, this trait is very important both for producers and consumers.



As several different procedures were used to measure the trait, Table 7 reports only the results obtained with the two reference methods: drip loss in raw meat and water loss in cooked meat [126]. Results obtained with other methods are considered when general information can be deduced. Looking at the literature data, WHC is one of the quality traits for which a very high heterogeneity of the results can be observed when causes of variation are studied. For example, the results on the trend of WHC related to meat ageing show either a decrease in cooking loss [88] or an increase, but depending on the muscle [127]. The effect of sex is also unclear, with data indicating better WHC in males [26], or no differences between sexes [88]. Conflicting results were also obtained when the effect of the diet was investigated, because some studies did not evidence any influence [50,53], whereas significant differences in cooking loss were reported for different finishing diets (alfalfa hay or maize silage) and correlated to different fat content [22]. WHC seems to not be affected by age [26,29,48].



Colour is the principal meat characteristic that drives consumers’ purchasing decision. The preferred colour of fresh meat is bright red, and it is exactly the darker colour usually displayed by buffalo meat compared to beef [15,17,128] that contributes to the negative perception of its quality, because darker meat is often associated with a less fresh product, or as being derived from old animals, and therefore of lower eating quality. It has been demonstrated that the darker colour of buffalo meat depends on the myoglobin content (0.393 ± 0.005 g/100 g of tissue) and consequently on metmyoglobin, which are almost twice as high as bovine meat, more so than on its oxidation rate [129].



Meat colour can be measured using a reflectometry-based instrument, which generates CIEL*a*b* values (L*: lightness, a*: redness, b*: yellowness) from which the parameters Chroma (C*), related to the intensity of colour, and hue angle (h*), related to the change in colour from red to yellow, can be calculated. Of the many data available on colour parameters, only those measured after blooming were included in Table 7. Many pre- and post-mortem factors affect meat colour [130]. Higher L* and b* and lower a* were reported for young buffalo [48], which could be explained by the lower total pigment in meat from young compared to old animals [26,114]. The comparison of meat from animals differing in slaughter weight (200 to 350 kg) detected significant differences between colour parameters measured at 1 h, but very similar values measured at 24 h [49]. Significant differences exist between muscles, with Longissimus dorsi characterised by lower lightness [17,28] and higher redness [17] compared to Semitendinosus. As for the effect of gender, lower L* and higher a* values in females [88] and higher L* and b* in castrates [131] were reported compared to males.



Contrasting results were obtained when the influence of the feeding system was considered. Several authors did not find any effect of diet on the colour parameters [28,41,53]. Conversely, the inclusion of ryegrass was shown to determine a worsening of the colour parameters measured at 5 days of ageing, which, however, reached values similar to the control in more prolonged ageing periods [132]. Significantly higher a* and b*, as well as higher oxymyoglobin content, were observed in the meat of animals fed maize silage compared to alfalfa hay [22]. Diets supplemented with vitamin E (600 UI) affected colour parameters according to the muscle: In the Longissimus dorsi and Semimembranosus muscles redness increased, whereas in Semitendinosus redness and yellowness decreased [133].



In addition to differences in the category of the slaughtered animals and the production systems, other factors, including mainly pre-slaughter handling of the animals, post-slaughter treatment of the carcass, and length of the storage period, can affect the meat colour [134]. Sen et al. [135] observed that the bloom time had a significant effect on all the colour parameters, with values continuously changing for 60 min, leading to a significant decrease in L* and increase in a* and b*. The same authors showed that the retail display time also had a significant effect on instrumental colour characteristics of buffalo meat, with the a* value significantly increasing after 12 h of display. As a result, the meat became darker immediately after exposure to air, and the change is explained by the fact that over time meat loses its ability to reduce metmyoglobin to oxymyoglobin, as confirmed by Kiran et al. [115], who observed a decrease of myoglobin parallel to the increase of metmyoglobin from day 0 to day 6.



The effect of ageing for more prolonged periods on the colour of buffalo meat has been analysed by several studies, which, however, were very heterogeneous in the material used (age of the animals, treatment of the carcasses, sample preparation and storage, measurement methods) and the ageing period considered (days, weeks, months). In meat samples vacuum packaged and aged at refrigerated temperature, little effect on colour was seen between day 7 and 14, even though the difference in yellowness was significant, with an increase at day 14 [28]. Instead, Ekiz et al. [88], in samples subjected to similar conditions for ageing, observed an increase in L* and a*. A weekly analysis of the colour parameters from day 0 to day 21 showed an increase in L* in buffaloes slaughtered at 20–24 months, and an increase in b* in heifers 32–36 months old. As a general indication, these studies indicate that during refrigerated ageing, lightness increases, whereas for a* and b* it is more difficult to find a common trend. The use of vitamin C [135], eventually combined with lactic acid and clove oil [136], proved to be useful for improving meat colour stability.



Further studies on the factors affecting meat colour would be necessary to provide few and simple practical indications on how to improve this important characteristic according to the local situations. In fact, in this respect a large variability exists in the procedures implemented in the different countries before buffalo meat is displayed at retail, with two extreme situations: On one side, there are countries where, after slaughtering, the carcass is subjected to an ageing period of some days in refrigerated conditions before it is sold; on the opposite side, there are countries where meat is displayed at room temperature in the retail outlets immediately after slaughter and sold throughout the day.



If meat colour guides consumers in their purchasing decision, tenderness is the quality trait consumers appreciate most. As seen for other technological properties, tenderness has long been known to depend on many intrinsic and extrinsic factors [137], whose effects have been, and continue to be, deeply investigated to identify interventions able to improve this characteristic, in order to satisfy the consumers’ expectations.



Warner–Bratzler shear force (WBsf), which is a measure of the force required for shearing a sample of cooked meat, is the most widely used instrumental method to determine tenderness. For river buffalo meat, the values of WBsf, measured at day 7 post mortem, show a wide range of variation (Table 7). However, a comparison of the absolute values reported by the different studies is almost impossible, because not only the samples used but also many steps of the analysis can affect the results, even though standardised protocols have been developed [138]. Therefore, once again, the main attempt of this review is to provide general information on the affecting factors and their effect. Another aspect to underline is that the large majority of the WBfs measurements were taken on the Longissimus thoracis et lumborum muscle, which is the reference muscle for meat-quality analyses. For this reason, Table 7 is based only on the values reported for this muscle. However, the few studies that also considered other muscles highlighted significantly higher WBsf values in comparison to Longissimus thoracis et lumborum [17,28,132].



Meat from young animals shows lower WBsf values compared to meat from older ones [26,48,59,115,116], which is not unexpected considering the significant increase in collagen content and decrease in its solubility at older ages, together with lower sarcomere length in older animals [26]. On this basis, the fact that a large part of the world’s buffalo meat derives from spent animals certainly contributes to the negative perception that buffalo provides a less tender meat in comparison to cattle. Concerning gender, some authors reported lower WBsf values for females, independent of the age class and storage length [113], as well as lower WBsf for castrates compared to entire males [131]. On the contrary, other authors [88] found no differences between sexes in younger animals of the same age. No significant effects of the diet were reported [22,50,53,132]. As previously discussed, the procedures in the abattoir can have a strong impact on pH and WHC, and consequently on WBsf.



Ageing is confirmed as the most important factor that influences the meat tenderness, independent of other factors, including sex, age, and breed. In fact, decreasing values of WBsf from day 0 to various ageing periods were consistently observed [56,88,113,115,119], with a parallel increase in the myofibrillar fragmentation index (MFI), especially evident in younger animals [56,115] and in agreement with observation that the post-mortem tenderization depends mainly on the degradation of the myofibrillar proteins due to protease activity [139]. The evolution of WBsf during ageing was shown to be different according to the animal category: In heifers 32–36 months old the WBsf value decreased until day 7 and then remained almost constant, whereas in males 20–24 months old WBsf continued to decrease until day 21 [56]. Such studies on the WBsf trend in the different categories have great practical importance, because they make it possible to identify the best ageing protocol to supply buffalo meat of better quality.



As mentioned above, in some countries it is customary to sell buffalo meat on the same day of slaughter, a practice that prevents meat from reaching the desirable tenderness, considering that between 12 to 24 h post-mortem the maximum toughness is observed [139]. Therefore, this is an additional reason that can contribute to the idea that buffalo meat is of lower quality. Actually, when buffalo meat is derived from young animals and is subjected to proper ageing, it shows WBf values even lower than beef [15,17,119], possibly due to the higher protease activity [140]. Treatment with plant proteases such as Cucumis or ginger extracts [55] or the use of ammonium hydroxide as a marinating agent [141] was suggested to tenderise tough meat provided by spent animals, thereby increasing its economic value. The preparation of processed products especially from minced meat, including patties, sausages, and nuggets, is another way to add value to meat of lower quality [8,142].




3.3. Sensory Properties


The sensory quality of a product is a set of characteristics perceived by the senses, and it is the main determinant of its acceptance by the consumers. Based on human perceptions, sensory analysis provides information not provided by instrumental analyses. Many factors—mainly related to the meat sample under analysis, the panel of assessors, and the conditions under which the test is carried out—can affect the results, making sensory analysis a very complex subject. If interested in more details on the principles and methods of meat sensory evaluation, readers can refer to [143,144,145].



In Table 8, the range of evaluation scores obtained by trained panellists for different sensory traits of fresh buffalo meat is reported. As the available studies differ in the scale used for evaluation, only results expressed in the same scale are shown for each trait. Apart from that, the comparison of the results remains difficult due to the wide variety of materials and methods used. Therefore, attention will be focused on inferring general information more than discussing single values.



As shown by the range of variation of the considered attributes, the sensory quality of buffalo meat is quite variable, but this is not surprising on the basis of the many affecting factors mentioned above. For most of the traits, the minimum values are quite low, indicating poor perceived quality, but on the other hand, the highest scores in the range are often close to the best extreme of the scale, thus proving that buffalo meat can reach a satisfactory organoleptic quality, similar if not superior to that of beef. For example, buffalo meat evaluated by a consumer panel obtained a higher score for tenderness compared to that of Angus breed reared in the same conditions [146]. When compared to the Simmental breed, buffalo meat was rated by consumers as better in flavour, and this resulted in a higher overall liking, but only when cooked [17]. The higher tenderness observed in buffalo meat compared to beef from Brahman cattle of the same age, gender, and diet was explained by the significantly higher calpain activity found in buffalo [147]. Similar results were obtained when trained panellists were used. A study carried out in the Philippines—where the animals are generally slaughtered at the end of their productive life, thereby providing meat of very poor quality—showed that meat of young crossbred buffalo (18–24 months old) was comparable or even slightly superior to that of crossbred cattle in sensory score for colour, tenderness, and flavour [15]. On the other hand, when comparing meat obtained from local stores, beef was superior to buffalo meat in appearance, tenderness, and juiciness [129]. Taken together, these data are further evidence that results obtained in experimental trials do not necessarily reflect everyday situations.



Few studies investigated the extrinsic factors possibly affecting the sensory properties of buffalo meat, most likely because of the complex nature of the analysis. The comparison of meat from different age groups (6 months to over 4 years) showed a significant decrease in tenderness, with a parallel increase in flavour; interestingly, juiciness and overall acceptability improved up to the age of 4 years and then decreased in animals above that age [113]. No differences were observed between meat from males or females 2–2.5 years old [88], whereas higher tenderness was reported for spent males compared to spent females [26]. The effect of the diet is less clear. No differences in sensory quality were detected by trained panellists between buffaloes supplemented with agro-industrial by-products or with the traditional corn and soy [50], as well as between animals finished in the traditional or silvopastoral system in Brazil [53]. Supplementation with a low dose (600 UI/day) of vitamin E in the diet positively improved the tenderness and juiciness of the meat, but it had a negative effect on colour uniformity [148].



Apart from the previously mentioned factors, the evaluation of the sensory properties of a product is highly influenced by the method of analysis, and in this regard the characteristics of the assessors play a major role. In fact, the consumers’ evaluation can be affected not only by variables that can be easily taken into account, such as sex and age, but also by psychological emotions, which are much more difficult to analyse [145]. An investigation into the relationships between the sociodemographic profile of the consumers and the sensory evaluation of buffalo meat and beef [146] revealed that the gender of the assessors did not influence any of the sensory traits, whereas the age affected odour and colour, with people over 50 giving higher scores. However, the main determinant for four out of the five sensory traits was income, with low-income people giving the highest scores. Another interesting study carried out in Brazil on consumers’ attitude towards buffalo meat highlighted that it was appreciated especially by young people, who stated that information about the product characteristics would favour their willingness to buy, and that they would also a higher price if presented with a certification of quality [149]. This kind of analysis offers interesting insights into the interpretation of the results of sensory analysis and can suggest possible marketing strategies.



The overall findings point to the need for further research in order to reach a better understanding of the factors that can influence meat sensory quality, which is the basic step for implementing an increasingly high-quality meat production chain, through action on the determining factors that are most easily manageable.





4. Conclusions


There is scientific evidence that buffaloes can efficiently contribute to the quanti-qualitative production of meat, provided that the meat supply chain is specifically organised for this purpose. In fact, an analysis of the currently available data shows that yield and quality of river buffalo meat is satisfactory and comparable to that of cattle, as long as the buffaloes are managed and fed as meat animals, slaughtered at an appropriate age and subjected to proper pre- and post-slaughter operations. Although not very extensive, research done so far allows us to identify the principal factors that should be considered for improving some of the meat traits in the buffalo species. However, many aspects remain to be investigated in order to gain wider knowledge for planning targeted interventions.



The major issue with providing indications on how to improve buffalo meat is that buffaloes are reared in very different areas all around the world, some of which rely on advanced production systems, whereas others, which are the large majority, have to face adverse environmental and socio-economic conditions that prevent them from moving to more effective management. Some valuable practical indications can be drawn from the analysed studies, demonstrating that a gradual shift to more efficient management, including farming system, slaughter operations, and meat distribution, is possible and could offer the chance for a progressive improvement in the buffalo meat chain in less favourable situations as well. Even though not covered by this review, it is essential to point out that genetic programmes are a necessary complement to the activities implemented for the improvement of meat production in the buffalo species. In addition, for best results, any measures taken should be accompanied by an appropriate marketing policy to promote the sector. To achieve these goals, the involvement of local bodies at both the technical and political level is highly desirable. Of course, financial efforts are necessary to support these activities, but an economic return in the medium term can be expected.







Author Contributions


Conceptualization, data curation, writing—original draft, writing—review and editing, L.D.S. and A.B.; funding acquisition, A.B. Both authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by MIUR ex60% (BRUA_RILO_18_01).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



FAOSTAT. Available online: http://www.fao.org/faostat/en/#home (accessed on 18 January 2021).

	



Borghese, A.; Mazzi, M. Buffalo population and strategies in the world. In Buffalo Production and Research; REU Technical Series; Borghese, A., Ed.; FAO: Rome, Italy, 2005; pp. 1–39. [Google Scholar]

	



Moioli, B.; Borghese, A. Buffalo breeds and management system. In Buffalo Production and Research; REU Technical Series 67; Borghese, A., Ed.; FAO: Rome, Italy, 2005; pp. 51–76. [Google Scholar]

	



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]

	



Nuraini, H.; Lesa Aditia, E.; Brahmantiyo, B. Meat quality of Indonesian local cattle and buffalo. In Bovine Science—A Key to Sustainable Development; Sadashiv, S.O., Sharangouda, J.P., Eds.; IntechOpen: London, UK, 2018. [Google Scholar] [CrossRef]

	



De la Cruz-Cruz, L.; Guerrero-Legarreta, I.; Ramirez-Necoechea, R.; Roldan-Santiago, P. The behaviour and productivity of water buffalo in different breeding systems: A review. Veterinární Med. 2014, 59, 181–193. [Google Scholar] [CrossRef]

	



Wanapat, M.; Kang, S.C. World buffalo production: Challenges in meat and milk production, and mitigation of methane emission. Buffalo Bull. 2013, 32, 1–21. [Google Scholar]

	



Kandeepan, G.; Mendiratta, S.K.; Shukla, V.; Vishnuraj, M.R. Processing characteristics of buffalo meat—A review. J. Meat Sci. Technol. 2013, 1, 1–11. [Google Scholar]

	



Ffoulkes, D.; Lemcke, B. TenderBuff, Guidelines for Production. Agnote; Northern Territory Governments: Darwin, NT, Australia, 2015; Volume 330.

	



Consorzio per la Valorizzazione e la Tutela della Carne di Bufalo Campana. Available online: http://www.saporedicampania.it/pdf/disciplinare_carne_bufalo_febb_11.pdf (accessed on 27 January 2021).

	



Borghese, A. Buffalo meat and meat industry. In Buffalo Production and Research; REU Technical Series 67; Borghese, A., Ed.; FAO: Rome, Italy, 2005; pp. 197–247. [Google Scholar]

	



Cruz-Monterrosa, R.; Mota-Rojas, D.; Ramirez-Bribiesca, E.; Mora-Medina, P.; Guerrero-Legarreta, I. Scientific Findings on the Quality of River Buffalo Meat and Prospects for Future Studies. J. Buffalo Sci. 2020, 9, 170–180. [Google Scholar] [CrossRef]

	



Guerrero-Legarreta, I.; Napolitano, F.; Cruz-Monterrosa, R.; Mota-Rojas, D.; Mora-Medina, P.; Ramírez-Bribiesca, E.; Bertoni, A.; Berdugo-Gutiérrez, J.; Braghieri, A. River Buffalo Meat Production and Quality: Sustainability, Productivity, Nutritional and Sensory Properties. J. Buffalo Sci. 2020, 9, 159–169. [Google Scholar] [CrossRef]

	



Juárez, M.; López-Campos, Ó.; Prieto, N.; Roberts, J.; Galbraith, J.; Failla, S.; Aalhus, J.L. Carcass characteristics and meat quality of bison, buffalo, and yak. In More than Beef, Pork and Chicken—The Production, Processing, and Quality Traits of Other Sources of Meat for Human Diet; Lorenzo, J.M., Munekata, P.E.S., Barba, F.J., Toldrá, F., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 95–117. [Google Scholar] [CrossRef]

	



Lapitan, R.M.; Del Barrio, A.N.; Katsube, O.; Ban-Tokuda, T.; Orden, E.A.; Robles, A.Y.; Cruz, L.C.; Kanai, Y.; Fujihara, T. Comparison of carcass and meat characteristics of Brahman grade cattle (Bos indicus) and crossbred water buffalo (Bubalus bubalis) fed on high roughage diet. Anim. Sci. J. 2008, 79, 210–217. [Google Scholar] [CrossRef]

	



Mello, J.L.M.; Rodrigues, A.B.B.; Giampietro-Ganeco, A.; Ferrari, F.B.; Souza, R.A.; Souza, P.A.; Borba, H. Characteristics of carcasses and meat from feedlot-finished buffalo and Bos indicus (Nellore) bulls. Anim. Prod. Sci. 2018, 58, 1366–1374. [Google Scholar] [CrossRef]

	



Spanghero, M.; Gracco, L.; Valusso, R.; Piasentier, E. In vivo performance, slaughtering traits and meat quality of bovine (Italian Simmental) and buffalo (Italian Mediterranean) bulls. Livest. Prod. Sci. 2004, 91, 129–141. [Google Scholar] [CrossRef]

	



Valin, C.; Pinkas, A.; Dragnev, H.; Boikovski, S.; Polikronov, D. Comparative study of buffalo meat and beef. Meat Sci. 1984, 10, 69–84. [Google Scholar] [CrossRef]

	



Araújo, C.V.; Cruz, S.S.; Araujo, S.I.; Silva, D.A.; Silva, A.A.; de Oliveira, L.A.; Aguiar, T.S. Comparação de peso e rendimento de carcaça entre vacas e búfalas. Rev. Ciênc. Agrár. 2011, 54, 117–121. [Google Scholar] [CrossRef]

	



Zardari, M.S.; Kaleri, H.A.; Kaleri, R.R.; Kaleri, A.; Jalbani, M.A.; Kaleri, A.H.; Khan, M.Z.; Qadir, Z.; Ashraf, F. Effect of breed on carcass traits of Kundhi and Nili Ravi buffalo. Pure Appl. Biol. 2017, 6, 267–271. [Google Scholar] [CrossRef]

	



Ahmed, S.; Shahzad, F.; Rahman, H.; Rajab, M. Effects of sugar beet pulp based total mixed ration on growth performance and blood profile status in male Nili Ravi buffalo calves. Turk. J. Vet. Anim. Sci. 2020, 44, 928–933. [Google Scholar] [CrossRef]

	



Cifuni, G.F.; Contò, M.; Amici, A.; Failla, S. Physical and nutritional properties of buffalo meat finished on hay or maize silage-based diets. Anim. Sci. J. 2014, 85, 405–410. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Wu, T.; Sun, X.; Zou, C.; Yang, Y.; Cao, Y.; Yang, Y.; Iqbal, M.W.; Lin, B. Effect of replacing conventional feeds with tropical agricultural by-products on the growth performance, nutrient digestibility and ruminal microbiota of water buffaloes. J. Anim. Physiol. Anim. Nutr. 2020, 104, 1034–1042. [Google Scholar] [CrossRef] [PubMed]

	



Iqbal, Z.M.; Abdullah, M.; Javed, K.; Jabbar, M.A.; Ditta, Y.A. Evaluating varying levels of concentrate on productive and metabolic performance of Nili-Ravi buffalo heifer calves. J. Anim. Plant Sci. 2018, 28, 1256–1262. [Google Scholar]

	



Zicarelli, L.; Ariota, B.; Gasparrini, B.; Neglia, G.; Di Palo, R. Buffalo beef production. Ital. J. Anim. Sci. 2007, 6, 1313–1315. [Google Scholar] [CrossRef]

	



Kandeepan, G.; Anjaneyulu, A.S.R.; Kondaiah, N.; Mendiratta, S.K.; Lakshmanan, V. Effect of age and gender on the processing characteristics of buffalo meat. Meat Sci. 2009, 83, 10–14. [Google Scholar] [CrossRef]

	



Cutrignelli, M.I.; Calabrò, S.; Chiofalo, B.; Grossi, M.; Tudisco, R.; Musco, N.; Infascelli, F. In vivo performance of buffalo young bulls fed faba bean as protein source in diet. In Proceedings of the LXVII Convegno Nazionale, S.I.S.Vet, Brescia, Italy, 17–19 September 2013; pp. 238–239. [Google Scholar]

	



Masucci, F.; De Rosa, G.; Barone, C.M.A.; Napolitano, F.; Grasso, F.; Uzun, P.; Di Francia, A. Effect of group size and maize silage dietary levels on behaviour, health, carcass and meat quality of Mediterranean buffaloes. Animal 2016, 10, 531–538. [Google Scholar] [CrossRef]

	



Li, Q.; Wang, Y.; Tan, L.; Leng, J.; Lu, Q.; Tian, S.; Shao, S.; Duan, C.; Li, W.; Mao, H. Effects of age on slaughter performance and meat quality of Binlangjang male buffalo. Saudi J. Biol. Sci. 2018, 25, 248–252. [Google Scholar] [CrossRef]

	



Jorge, A.M.; Pinheiro, R.S.B.; Francisco, C.L.; Castilhos, A.M.; Puoli Filho, J.N.P.; da Silva, M.B.; Rivaroli, D.C.; Coutinho, C.C.; Cominotte, A.; Padovan, I. Using slaughter weight to predict weight and yield of primal cuts of carcass from buffaloes. Buffalo Bull. 2013, 32, 1254–1257. [Google Scholar]

	



Jorge, A.M.; Andrighetto, C.; Calixto, M.G.; Rodrigues, E. Efeito da condição sexual e do peso de abate sobre as características de carcaça de bubalinos. Arch. Zootec. 2007, 56, 239–244. [Google Scholar]

	



Lapitan, R.M.; Del Barrio, A.N.; Katsube, O.; Ban-Tokuda, T.; Orden, E.A.; Robles, A.Y.; Fujihara, T.; Cruz, L.C.; Homma, H.; Kanai, Y. Comparison of carcass and meat characteristics of Brahman grade cattle (Bos indicus) and crossbred water buffalo (Bubalus bubalis). Anim. Sci. J. 2007, 78, 596–604. [Google Scholar] [CrossRef]

	



Kumagai, H.; Baral, B.R.; Shiino, T.; Devkota, N.R.; Oishi, K.; Hirooka, H. Effects of plane of nutrition on slaughtering traits and meat characteristics in Murrah graded male buffalo (Bubalus bubalis) calves in Nepal. Anim. Sci. J. 2012, 83, 434–438. [Google Scholar] [CrossRef] [PubMed]

	



Ramalho, R.O.S.; Rodrigues, V.C.; Couto, D.M.; Pitombo, R.S.; Souza, D.D.N.; Araújo, A.H.B. Medidas corporais e características de carcaça de bubalinos Mediterrâneo castrados e inteiros. Bol. Indústria Anim. 2013, 70, 20–27. [Google Scholar] [CrossRef]

	



Singh, P.K.; Ahlawat, S.S.; Sharma, D.P.; Pathera, A. Carcass characteristics of male buffalo calf and meat quality of its veal. Buffalo Bull. 2018, 37, 129–143. [Google Scholar]

	



Vittoria, R.; De Gregorio, A.; Fezza, C.; Caso, C.; Di Paola, G.; Coletta, A. Estimation of fine cuts of meat production performance in Mediterranean Italian Buffalo young bulls. Buffalo Bull. 2013, 32, 1284–1289. [Google Scholar]

	



Rashad, A.M.A.; EL-Hedainy, D.K.; Mahdy, A.E.; Badran, A.E.; El-Barbary, A.S.A. Utilization of live body weight, measurements, and eye muscle components to predict carcass performance of fattened Egyptian male buffalo calves. Trop. Anim. Health Prod. 2019, 51, 2405–2412. [Google Scholar] [CrossRef]

	



Abdallah, O.Y.; Mahallawi, M.; Latif, M.G.A. Anatomical and joint dissection studies of tissue weight distribution in buffalo bulls and cows: Part 1—Distribution of muscle and bone. Meat Sci. 1982, 7, 117–129. [Google Scholar] [CrossRef]

	



Paul, S.S. Nutrient requirements of buffaloes. Rev. Bras. Zootec. 2011, 40, 93–97. [Google Scholar]

	



Bülbül, T. Energy and nutrient requirements of buffaloes. Kocatepe Vet. J. 2010, 3, 55–64. [Google Scholar]

	



Peixoto Joele, M.R.S.; Lourenço Júnior, J.B.; Faturi, C.; Garcia, A.R.; Nahum, B.S.; Lourenço, L.F.H.; Meller, L.H.; Oliveira, K.C.C. Carcass quality of buffalo (Bubalus bubalis) finished in silvopastoral system in the Eastern Amazon, Brazil. Arq. Bras. Med. Vet. Zootec. 2012, 64, 1045–1052. [Google Scholar] [CrossRef]

	



Park, R.M.; Foster, M.; Daigle, C.L. A scoping review: The impact of housing systems and environmental features on beef cattle welfare. Animals 2020, 10, 565. [Google Scholar] [CrossRef] [PubMed]

	



Sorathiya, L.M.; Raval, A.P.; Kharadi, V.B.; Tyagi, K.K.; Patel, M.D. Effect of flooring on growth performance, behaviour, health and economics in Surti buffalo calves during winter. Indian J. Anim. Sci. 2019, 89, 1246–1250. [Google Scholar]

	



Coyne, J.M.; Evans, R.D.; Berry, D.P. Dressing percentage and the differential between live weight and carcass weight in cattle are influenced by both genetic and non-genetic factors. J. Anim. Sci. 2019, 97, 1501–1512. [Google Scholar] [CrossRef]

	



Barnes, K.; Collins, T.; Dion, S.; Reynolds, H.; Riess, S.; Stanzyk, A.; Wolfe, A.; Lonergan, S.; Boettcher, P.; Charrondiere, U.R.; et al. Importance of cattle biodiversity and its influence on the nutrient composition of beef. Anim. Front. 2012, 2, 54–60. [Google Scholar] [CrossRef]

	



Aziz, A.; Shah, A.H.; ul Haq, I.; Khaskheli, M.; Salman, M.; Talpur, A.R. Comparative studies on nutritional quality of cattle and buffalo meat. Int. J. Sci. Res. 2014, 3, 524–531. [Google Scholar]

	



Dimov, K.; Kalev, R.; Tzankova, M.; Penchev, P. Fatty-acid composition of the lipids in m. longisimus dorsi of bovine and buffalo calves and buffalo cows. Bulg. J. Agric. Sci. 2012, 18, 778–783. [Google Scholar]

	



Ilavarasan, R.; Abraham, R.J.J.; Rao, V.A.; Ruban, S.W.; Ramani, R. Effect of age on meat quality characteristics and nutritional composition of Toda buffalo. Buffalo Bull. 2016, 35, 215–223. [Google Scholar]

	



Aksoy, Y.; Şahin, A.; Ulutaş, Z.; Uğurlutepe, E. The effect of different slaughter weights on some meat quality traits of musculus longissimus dorsi thoracis of male Anatolian buffaloes. Trop. Anim. Health Prod. 2021, 53, 137. [Google Scholar] [CrossRef]

	



Peixoto Joele, M.R.S.; Lourenço Júnior, J.B.; Lourenço, L.F.H.; Amaral Ribeiro, S.C.; Meller, L.H. Buffalo meat from animals fed with agro industrial in Eastern Amazon. Arch. Zootec. 2014, 63, 359–369. [Google Scholar] [CrossRef]

	



Calabrò, S.; Cutrignelli, M.I.; Gonzalez, O.J.; Chiofalo, B.; Grossi, M.; Tudisco, R.; Panetta, C.; Infascelli, F. Meat quality of buffalo young bulls fed faba bean as protein source. Meat Sci. 2014, 96, 591–596. [Google Scholar] [CrossRef]

	



Infascelli, F.; Cutrignelli, M.I.; Bovera, F.; Piccolo, G.; Tudisco, R.; Calabrò, S.; Zicarelli, L.; Piccolo, V. Nutritional characteristics of buffalo meat: Cholesterol content and fatty acid composition. Bubalus Bubalis 2003, 4, 51–57. [Google Scholar]

	



Joele, M.R.; Lourenço, L.F.; Lourenço Júnior, J.B.; Araújo, G.S.; Budel, J.C.; Garcia, A.R. Meat quality of buffaloes finished in traditional or silvopastoral system in the Brazilian Eastern Amazon: Meat quality of buffaloes. J. Sci. Food Agric. 2017, 97, 1740–1745. [Google Scholar] [CrossRef] [PubMed]

	



Lira, G.M.; Mancini Filho, J.; Torres, R.P.; de Oliveira, A.C.; Vasconcelos, A.M.A.; de Omena, C.M.B.; De Almeida, M.C.S. Composição centesimal, valor calórico, teor de colesterol e perfil de ácidos graxos da carne de búfalo (Bubalis bubalis) da cidade de São Luiz do Quitunde-AL. Rev. Inst. Adolfo Lutz 2005, 64, 31–38. [Google Scholar]

	



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] [PubMed]

	



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

	



Giuffrida-Mendoza, M.; de Moreno, L.A.; Huerta-Leidenz, N.; Uzcátegui-Bracho, S.; Valero-Leal, K.; Romero, S.; Rodas-González, A. Cholesterol and fatty acid composition of longissimus thoracis from water buffalo (Bubalus bubalis) and Brahman-influenced cattle raised under savannah conditions. Meat Sci. 2015, 106, 44–49. [Google Scholar] [CrossRef]

	



Astruc, T. Connective tissue: Structure, function, and influence on meat quality. In Encyclopedia of Meat Sciences, 2nd ed.; Devine, C., Dikeman, M., Eds.; Elsevier: Oxford, UK, 2014; pp. 321–328. [Google Scholar] [CrossRef]

	



Syed Ziauddin, K.; Mahendrakar, N.S.; Rao, D.N.; Ramesh, B.S.; Amla, B.L. Observations on some chemical and physical characteristics of buffalo meat. Meat Sci. 1994, 37, 103–113. [Google Scholar] [CrossRef]

	



Nishimura, T. The role of intramuscular connective tissue in meat texture. Anim. Sci. J. 2010, 81, 21–27. [Google Scholar] [CrossRef]

	



Panea, B.; Olleta, J.L.; Sañudo, C.; del Mar Campo, M.; Oliver, M.A.; Gispert, M.; Serra, X.; Renand, G.; del Carmen Oliván, M.; Jabet, S.; et al. Effects of breed-production system on collagen, textural, and sensory traits of 10 European beef cattle breeds. J. Texture Stud. 2018, 49, 528–535. [Google Scholar] [CrossRef]

	



Dikeman, M.E.; Tuma, H.J.; Beecher, G.R. Bovine muscle tenderness as related to protein solubility. J. Food Sci. 1971, 36, 190–193. [Google Scholar] [CrossRef]

	



Christensen, M.; Ertbjerg, P.; Failla, S.; Sañudo, C.; Richardson, R.I.; Nute, G.R.; Olleta, J.L.; Panea, B.; Albertí, P.; Juárez, M.; et al. Relationship between collagen characteristics, lipid content and raw and cooked texture of meat from young bulls of fifteen European breeds. Meat Sci. 2011, 87, 61–65. [Google Scholar] [CrossRef] [PubMed]

	



Lawrie, R.A.; Ledward, D. Lawrie’s Meat Science, 7th ed.; Woodhead Publishing Limited, Abington Hall: Abington, UK, 2006. [Google Scholar]

	



Wu, G.; Cross, H.R.; Gehring, K.B.; Savell, J.W.; Arnold, A.N.; McNeill, S.H. Composition of free and peptide-bound amino acids in beef chuck, loin, and round cuts. J. Anim. Sci. 2016, 94, 2603–2613. [Google Scholar] [CrossRef] [PubMed]

	



El-Kirdassy, Z.H.M.; Abdel-Galil, A.M. Protein, amino acid contents and protein efficiency ratio of Egyptian buffalo meat under different biological conditions. Food Nahr. 1977, 21, 575–581. [Google Scholar] [CrossRef] [PubMed]

	



Babji, A.S.; Fatimah, S.; Ghassem, M.; Abolhassani, Y. Protein quality of selected edible animal and plant protein sources using rat bio-assay. Int. Food Res. J. 2010, 17, 303–308. [Google Scholar]

	



Hou, Y.; Yin, Y.; Wu, G. Dietary essentiality of “nutritionally non-essential amino acids” for animals and humans. Exp. Biol. Med. 2015, 240, 997–1007. [Google Scholar] [CrossRef]

	



Landi, N.; Di Giuseppe, A.M.A.; Ragucci, S.; Di Maro, A. Free amino acid profile of Bubalus bubalis L. meat from the Campania region. R. Bras. Zootec. 2016, 45, 627–631. [Google Scholar] [CrossRef]

	



Domínguez, R.; Borrajo, P.; Lorenzo, J.M. The effect of cooking methods on nutritional value of foal meat. J. Food Compos. Anal. 2015, 43, 61–67. [Google Scholar] [CrossRef]

	



Kim, H.; Do, H.W.; Chung, H. A comparison of the essential amino acid content and the retention rate by chicken part according to different cooking methods. Korean J. Food Sci. Anim. Resour. 2017, 37, 626–634. [Google Scholar] [CrossRef] [PubMed]

	



Lopes, A.F.; Alfaia, C.M.M.; Partidário, A.M.C.P.C.; Lemos, J.P.C.; Prates, J.A.M. Influence of household cooking methods on amino acids and minerals of Barrosã-PDO veal. Meat Sci. 2015, 99, 38–43. [Google Scholar] [CrossRef]

	



Kawai, M.; Sekine-Hayakawa, Y.; Okiyama, A.; Ninomiya, Y. Gustatory sensation of l- and d-amino acids in humans. Amino Acids 2012, 43, 2349–2358. [Google Scholar] [CrossRef]

	



Solms, J. Taste of amino acids, peptides, and proteins. J. Agric. Food Chem. 1969, 17, 686–688. [Google Scholar] [CrossRef]

	



Khan, M.I.; Jo, C.; Tariq, M.R. Meat flavor precursors and factors influencing flavor precursors—A systematic review. Meat Sci. 2015, 110, 278–284. [Google Scholar] [CrossRef]

	



Spanier, A.M.; Flores, M.; Toldrá, F.; Aristoy, M.-C.; Bett, K.L.; Bystricky, P.; Bland, J.M. Meat flavor: Contribution of proteins and peptides to the flavor of beef. Adv. Exp. Med. Biol. 2004, 542, 33–49. [Google Scholar] [CrossRef]

	



Muroya, S.; Ueda, S.; Komatsu, T.; Miyakawa, T.; Ertbjerg, P. MEATabolomics: Muscle and meat metabolomics in domestic animals. Metabolites 2020, 10, 188. [Google Scholar] [CrossRef] [PubMed]

	



Yamada, T.; Kamiya, M.; Higuchi, M. Gas chromatography–mass spectrometry-based metabolomic analysis of Wagyu and Holstein beef. Metabolites 2020, 10, 95. [Google Scholar] [CrossRef]

	



Tamburrano, A.; Tavazzi, B.; Callà, C.A.M.; Amorini, A.M.; Lazzarino, G.; Vincenti, S.; Zottola, T.; Campagna, M.C.; Moscato, U.; Laurenti, P. Biochemical and nutritional characteristics of buffalo meat and potential implications on human health for a personalized nutrition. Ital. J. Food Saf. 2019, 8. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.J.; Beak, S.-H.; Jung, D.J.S.; Kim, S.Y.; Jeong, I.H.; Piao, M.Y.; Kang, H.J.; Fassah, D.M.; Na, S.W.; Yoo, S.P.; et al. Genetic, management, and nutritional factors affecting intramuscular fat deposition in beef cattle—A review. Asian-Australas. J. Anim. Sci. 2018, 31, 1043–1061. [Google Scholar] [CrossRef]

	



Brugiapaglia, A.; Lussiana, C.; Destefanis, G. Fatty acid profile and cholesterol content of beef at retail of Piemontese, Limousin and Friesian breeds. Meat Sci. 2014, 96, 568–573. [Google Scholar] [CrossRef]

	



Oliván, M.; Martínez, A.; Osoro, K.; Sañudo, C.; Panea, B.; Olleta, J.L.; Campo, M.M.; Oliver, M.À.; Serra, X.; Gil, M.; et al. Effect of muscular hypertrophy on physico-chemical, biochemical and texture traits of meat from yearling bulls. Meat Sci. 2004, 68, 567–575. [Google Scholar] [CrossRef] [PubMed]

	



Raes, K. Meat quality, fatty acid composition and flavour analysis in Belgian retail beef. Meat Sci. 2003, 65, 1237–1246. [Google Scholar] [CrossRef]

	



Chizzolini, R.; Zanardi, E.; Dorigoni, V.; Ghidini, S. Calorific value and cholesterol content of normal and low-fat meat and meat products. Trends Food Sci. Technol. 1999, 10, 119–128. [Google Scholar] [CrossRef]

	



Patterson, E.; Wall, R.; Fitzgerald, G.F.; Ross, R.P.; Stanton, C. Health implications of high dietary omega-6 polyunsaturated fatty acids. J. Nutr. Metab. 2012, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Raes, K.; De Smet, S.; Demeyer, D. Effect of dietary fatty acids on incorporation of long chain polyunsaturated fatty acids and conjugated linoleic acid in lamb, beef and pork meat: A review. Anim. Feed Sci. Technol. 2004, 113, 199–221. [Google Scholar] [CrossRef]

	



Scollan, N.; Hocquette, J.-F.; Nuernberg, K.; Dannenberger, D.; Richardson, I.; Moloney, A. Innovations in beef production systems that enhance the nutritional and health value of beef lipids and their relationship with meat quality. Meat Sci. 2006, 74, 17–33. [Google Scholar] [CrossRef]

	



Ekiz, B.; Yilmaz, A.; Yalcintan, H.; Yakan, A.; Yilmaz, I.; Soysal, I. Carcass and meat quality of male and female water buffaloes finished under an intensive production system. Ann. Anim. Sci. 2018, 18, 557–574. [Google Scholar] [CrossRef]

	



Giuffrida de Mendoza, M.; de Moreno, L.A.; Huerta-Leidenz, N.; Uzcátegui-Bracho, S.; Beriain, M.J.; Smith, G.C. Occurrence of conjugated linoleic acid in longissimus dorsi muscle of water buffalo (Bubalus bubalis) and zebu-type cattle raised under savannah conditions. Meat Sci. 2005, 69, 93–100. [Google Scholar] [CrossRef]

	



Sevane, N.; Nute, G.; Sañudo, C.; Cortes, O.; Cañon, J.; Williams, J.L.; Dunner, S. Muscle lipid composition in bulls from 15 European breeds. Livest. Sci. 2014, 160, 1–11. [Google Scholar] [CrossRef]

	



Chen, J.; Liu, H. Nutritional indices for assessing fatty acids: A mini-review. Int. J. Mol. Sci. 2020, 21, 5695. [Google Scholar] [CrossRef]

	



British Department of Health. Nutritional aspects of cardiovascular disease. Report of the Cardiovascular Review Group Committee on Medical Aspects of Food Policy. Rep. Health Soc. Subj. 1994, 46, 1–186. [Google Scholar]

	



Ulbricht, T.L.V.; Southgate, D.A.T. Coronary heart disease: Seven dietary factors. Lancet 1991, 338, 985–992. [Google Scholar] [CrossRef]

	



Oliveira, R.L.; Ladeira, M.M.; Barbosa, M.A.A.F.; Assunção, D.M.P.; Matsushita, M.; Santos, G.T.; Oliveira, R.L. Ácido linoléico conjugado e perfil de ácidos graxos no músculo e na capa de gordura de novilhos bubalinos alimentados com diferentes fontes de lipídios. Arq. Bras. Med. Vet. Zootec. 2008, 60, 169–178. [Google Scholar] [CrossRef]

	



Di Luccia, A.; Satriani, A.; Barone, C.M.A.; Colatruglio, P.; Gigli, S.; Occidente, M.; Trivellone, E.; Zullo, A.; Matassino, D. Effect of dietary energy content on the intramuscular fat depots and triglyceride composition of river buffalo meat. Meat Sci. 2003, 65, 1379–1389. [Google Scholar] [CrossRef]

	



Giordano, G.; Guarini, P.; Ferrari, P.; Biondi-Zoccai, G.; Schiavone, B.; Giordano, A. Beneficial impact on cardiovascular risk profile of water buffalo meat consumption. Eur. J. Clin. Nutr. 2010, 64, 1000–1006. [Google Scholar] [CrossRef] [PubMed]

	



Westerling, D.B.; Hedrick, H.B. Fatty acid composition of bovine lipids as influenced by diet, sex and anatomical location and relationship to sensory characteristics. J. Anim. Sci. 1979, 48, 1343–1348. [Google Scholar] [CrossRef]

	



Dryden, F.D.; Maechello, J.A. Influence of total lipid and fatty acid composition upon the palatability of three bovine muscles. J. Anim. Sci. 1970, 31, 36–41. [Google Scholar] [CrossRef]

	



Tajik, H.; Asri Rezaei, S.; Pajohi Alamouti, M.R.; Moradi, M.; Dalir-Naghadeh, B. Mineral contents of muscle (Longissimus dorsi thoracis) and liver in river buffalo (Bubalus bubalis). J. Muscle Foods 2010, 21, 459–473. [Google Scholar] [CrossRef]

	



Giuffrida-Mendoza, M.; Arenas de Moreno, L.; Uzcátegui-Bracho, S.; Rincón-Villalobos, G.; Huerta-Leidenz, N. Mineral content of longissimus dorsi thoracis from water buffalo and Zebu-influenced cattle at four comparative ages. Meat Sci. 2007, 75, 487–493. [Google Scholar] [CrossRef] [PubMed]

	



Williams, P. Nutritional composition of red meat. Nutr. Diet. 2007, 64, S113–S119. [Google Scholar] [CrossRef]

	



Domaradzki, P.; Florek, M.; Staszowska, A.; Litwińczuk, Z. Evaluation of the mineral concentration in beef from Polish native cattle. Biol. Trace Elem. Res. 2016, 171, 328–332. [Google Scholar] [CrossRef]

	



Valenzuela, C.; López de Romaña, D.; Olivares, M.; Morales, M.S.; Pizarro, F. Total iron and heme iron content and their distribution in beef meat and viscera. Biol. Trace Elem. Res. 2009, 132, 103–111. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Worldwide Prevalence of Anaemia 1993–2005: WHO Global Database on Anaemia; de Benoist, B., McLean, E., Egli, I., Cogswell, M., Eds.; World Health Organization: Geneva, Switzerland, 2008. [Google Scholar]

	



López, M.A.A.; Martos, F.C. Iron availability: An updated review. Int. J. Food Sci. Nutr. 2004, 55, 597–606. [Google Scholar] [CrossRef]

	



Tian, K.; Wang, Y.; Li, L.; Liu, Y. Neuronal death/apoptosis induced by intracellular zinc deficiency associated with changes in amino-acid neurotransmitters and glutamate receptor subtypes. J. Inorg. Biochem. 2018, 179, 54–59. [Google Scholar] [CrossRef] [PubMed]

	



Fairweather-Tait, S.J.; Bao, Y.; Broadley, M.R.; Collings, R.; Ford, D.; Hesketh, J.E.; Hurst, R. Selenium in human health and disease. Antioxid. Redox Signal. 2011, 14, 1337–1383. [Google Scholar] [CrossRef] [PubMed]

	



Rayman, M.P. The importance of selenium to human health. Lancet 2000, 356, 233–241. [Google Scholar] [CrossRef]

	



Grossi, S.; Rossi, L.; De Marco, M.; Sgoifo Rossi, C.A. The effect of different sources of selenium supplementation on the meat quality traits of young Charolaise bulls during the finishing phase. Antioxidants 2021, 10, 596. [Google Scholar] [CrossRef]

	



Richards, C.J.; Blalock, H.M.; Jacques, K.A.; Loveday, H.D. Efficacy of feeding selenium-enriched yeast to finishing beef cattle. Prof. Anim. Sci. 2011, 27, 1–8. [Google Scholar] [CrossRef]

	



Patel, N.; Bergamaschi, M.; Magro, L.; Petrini, A.; Bittante, G. Relationships of a detailed mineral profile of meat with animal performance and beef quality. Animals 2019, 9, 1073. [Google Scholar] [CrossRef]

	



Infascelli, F. La Carne di Bufalo. Available online: http://www.aspiin.it/wp-content/uploads/2014/12/633845594290017287Carne-di-Bufalo.pdf (accessed on 29 January 2021).

	



Rao, V.A.; Thulasi, G.; Ruban, S.W. Effect of age and sex on meat quality characteristics of South Indian non-descript buffalo. Buffalo Bull. 2009, 28, 138–147. [Google Scholar]

	



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. [Google Scholar] [CrossRef]

	



Kiran, M.; Naveena, B.M.; Kulkarni, V.V.; Sudhakar Reddy, K.; Shahikumar, M.; Ravinder Reddy, V. Effect of ageing in physicochemical properties and textural changes in hot boned meat from young and old Indian water buffaloes (Bubalus bubalis). Buffalo Bull. 2018, 37, 169–180. [Google Scholar]

	



Kiran, M.; Naveena, B.M.; Reddy, K.S.; Shahikumar, M.; Reddy, V.R.; Kulkarni, V.V.; Rapole, S.; More, T.H. Understanding tenderness variability and ageing changes in buffalo meat: Biochemical, ultrastructural and proteome characterization. Animal 2016, 10, 1007–1015. [Google Scholar] [CrossRef] [PubMed]

	



Huff-Lonergan, E.; Lonergan, S.M. Mechanisms of water-holding capacity of meat: The role of postmortem biochemical and structural changes. Meat Sci. 2005, 71, 194–204. [Google Scholar] [CrossRef] [PubMed]

	



Saleem, M.U.; Aslam, A.; Akram, A.; Iqbal, U.; Shamas, S.; Roshan, S. Effect of gender and body condition score on meat quality in Kundi buffalo. Indian J. Anim. Res. 2020, 54, 786–789. [Google Scholar]

	



Neath, K.E.; Del Barrio, A.N.; Lapitan, R.M.; Herrera, J.R.V.; Cruz, L.C.; Fujihara, T.; Muroya, S.; Chikuni, K.; Hirabayashi, M.; Kanai, Y. Difference in tenderness and pH decline between water buffalo meat and beef during postmortem aging. Meat Sci. 2007, 75, 499–505. [Google Scholar] [CrossRef]

	



Kuffi, K.D.; Lescouhier, S.; Nicolai, B.M.; De Smet, S.; Geeraerd, A.; Verboven, P. Modelling postmortem evolution of pH in beef M. biceps femoris under two different cooling regimes. J. Food Sci. Technol. 2018, 55, 233–243. [Google Scholar] [CrossRef]

	



Soares, G.J.D.; Arêas, J.A.G. Effect of electrical stimulation on post mortem biochemical characteristics and quality of Longissimus dorsi thoracis muscle from buffalo (Bubalus bubalis). Meat Sci. 1995, 41, 369–379. [Google Scholar] [CrossRef]

	



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, 34–44. [Google Scholar] [CrossRef]

	



Ertbjerg, P.; Puolanne, E. Muscle structure, sarcomere length and influences on meat quality: A review. Meat Sci. 2017, 132, 139–152. [Google Scholar] [CrossRef]

	



Xing, T.; Gao, F.; Tume, R.K.; Zhou, G.; Xu, X. Stress effects on meat quality: A mechanistic perspective. Compr. Rev. Food Sci. Food Saf. 2019, 18, 380–401. [Google Scholar] [CrossRef] [PubMed]

	



Hughes, J.M.; Oiseth, S.K.; Purslow, P.P.; Warner, R.D. A structural approach to understanding the interactions between colour, water-holding capacity and tenderness. Meat Sci. 2014, 98, 520–532. [Google Scholar] [CrossRef]

	



Honikel, K.O. Reference methods for the assessment of physical characteristics of meat. Meat Sci. 1998, 49, 447–457. [Google Scholar] [CrossRef]

	



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]

	



Hassan, M.A. Comparing the physico-chemical characteristics and sensory attributes of imported brazilian beef meat and imported indian buffalo meat. J. Microbiol. Biotechnol. Food Sci. 2018, 8, 672–677. [Google Scholar] [CrossRef]

	



Dosi, R.; Di Maro, A.; Chambery, A.; Colonna, G.; Costantini, S.; Geraci, G.; Parente, A. Characterization and kinetics studies of water buffalo (Bubalus bubalis) myoglobin. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2006, 145, 230–238. [Google Scholar] [CrossRef] [PubMed]

	



Mancini, R.A.; Hunt, M.C. Current research in meat color. Meat Sci. 2005, 71, 100–121. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigues, V.C.; de Andrade, I.F. Características físico-químicas da carne de bubalinos e de bovinos castrados e inteiros. R. Bras. Zootec. 2004, 33, 1839–1849. [Google Scholar] [CrossRef]

	



Marrone, R.; Salzano, A.; Di Francia, A.; Vollano, L.; Di Matteo, R.; Balestrieri, A.; Anastasio, A.; Barone, C.M.A. Effects of feeding and maturation system on qualitative characteristics of buffalo meat (Bubalus bubalis). Animals 2020, 10, 899. [Google Scholar] [CrossRef] [PubMed]

	



Dass, R.S.; Mendiratta, S.K.; Bhadane, K.P.; Mudgal, V.; Lakshmanan, V. Effect of vitamin E supplementation on growth and meat quality of male Murrah buffalo (Bubalus bubalis) calves. Anim. Nutr. Feed Technol. 2011, 11, 221–231. [Google Scholar]

	



MacDougall, D.B. Changes in the colour and opacity of meat. Food Chem. 1982, 9, 75–88. [Google Scholar] [CrossRef]

	



Sen, A.R.; Muthukumar, M.; Naveena, B.M.; Ramanna, D.B.V. Effects on colour characteristics of buffalo meat during blooming, retail display and using vitamin C during refrigerated storage. J. Food Sci. Technol. 2014, 51, 3515–3519. [Google Scholar] [CrossRef] [PubMed]

	



Naveena, B.M.; Muthukumar, M.; Sen, A.R.; Babji, Y.; Murthy, T.R.K. Improvement of shelf-life of buffalo meat using lactic acid, clove oil and vitamin C during retail display. Meat Sci. 2006, 74, 409–415. [Google Scholar] [CrossRef] [PubMed]

	



Dransfield, E.; Nute, G.R.; Roberts, T.A.; Boccard, R.; Touraille, C.; Buchter, L.; Casteels, M.; Cosentino, E.; Hood, D.E.; Joseph, R.L.; et al. Beef quality assessed at European research centres. Meat Sci. 1984, 10, 1–20. [Google Scholar] [CrossRef]

	



Wheeler, T.L.; Shackelford, S.D.; Koohmaraie, M. Standardizing collection and interpretation of Warner-Bratzler shear force and sensory tenderness data. In Proceedings of the 50th Reciprocal Meat Conference, Ames, IA, USA, 29 June–2 July 1997; pp. 68–77. [Google Scholar]

	



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

	



Neath, K.E.; Del Barrio, A.N.; Lapitan, R.M.; Herrera, J.R.V.; Cruz, L.C.; Fujihara, T.; Muroya, S.; Chikuni, K.; Hirabayashi, M.; Kanai, Y. Protease activity higher in postmortem water buffalo meat than Brahman beef. Meat Sci. 2007, 77, 389–396. [Google Scholar] [CrossRef] [PubMed]

	



Naveena, B.M.; Sen, A.R.; Muthukumar, M.; Babji, Y.; Kondaiah, N. Effects of salt and ammonium hydroxide on the quality of ground buffalo meat. Meat Sci. 2011, 87, 315–320. [Google Scholar] [CrossRef] [PubMed]

	



Anjaneyulu, A.S.R.; Thomas, R.; Kondaiah, N. Technologies for value added buffalo meat products-A review. Am. J. Food Technol. 2007, 2, 104–114. [Google Scholar] [CrossRef]

	



AMSA. Research Guidelines for Cookery, Sensory Evaluation, and Instrumental Tenderness Measurements of Meat, 2nd ed.; American Meat Science Association: Chicago, IL, USA, 2015. [Google Scholar]

	



Schilling, M.W.; Pham, A.J. Sensory Evaluation of Muscle Foods. In Handbook of Meat and Meat Processing, 2nd ed.; Hui, Y.H., Ed.; CRC Press, Taylor & Francis Group: Boca Raton, FL, USA, 2012; pp. 207–224. [Google Scholar]

	



Torrico, D.D.; Hutchings, S.C.; Ha, M.; Bittner, E.P.; Fuentes, S.; Warner, R.D.; Dunshea, F.R. Novel techniques to understand consumer responses towards food products: A review with a focus on meat. Meat Sci. 2018, 144, 30–42. [Google Scholar] [CrossRef] [PubMed]

	



Canozzi, M.E.A.; Sphor, L.Á.; Pimentel, C.M.M.; Barcellos, J.O.J.; Poli, C.H.E.C.; Bergmann, G.P.; Kindlein, L. Sensory evaluation of beef and buffalo extensively reared and its relationship to sociodemographic characteristics of consumers. Semina Ciênc. Agrár. 2016, 37, 1617–1627. [Google Scholar] [CrossRef]

	



Neath, K.E.; Del Barrio, A.N.; Lapitan, R.M.; Herrera, J.R.V.; Cruz, L.C.; Fujihara, D.; Muroya, S.; Chikuni, K.; Hirabayashi, M.; Kanai, Y. Relation of postmortem protease activity to tenderness in buffalo meat and Brahman beef. Ital. J. Anim. Sci. 2007, 6, 1175–1177. [Google Scholar] [CrossRef]

	



Pellicano, M.P.; Cammarota, G.; Laurino, C.; Graziani, M.P. Quantitative descriptive sensory analysis of buffalo meat from animals fed with a diet containing different amounts of vitamin E. Ital. J. Anim. Sci. 2007, 6, 1214–1216. [Google Scholar] [CrossRef]

	



Marques, C.S.S.; Oaigen, R.P.; de Moraes, C.M.; dos Santos, M.A.S.; de Lourenço Júnior, J.B.; Abel, I. Segmentation of the buffalo meat consumer market in Belém, Pará, Brazil. Rev. Bras. Zootec. 2016, 45, 336–344. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Buffalo meat production [1].






Table 1. Buffalo meat production [1].





	Area
	Head
	Tonnes





	World
	27,692,388
	4,290,212



	Africa
	1,088,548
	365,588



	Americas
	29,701
	6720



	Asia
	26,469,363
	3,896,627



	Europe
	104,776
	21,277
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Table 2. Growth and carcass traits of river buffalo.






Table 2. Growth and carcass traits of river buffalo.





	Trait
	Range
	References





	Average daily gain, ADG (kg)
	0.50–1.13
	[21,22,23,24,25]



	Age at slaughter (yrs)
	>1–<10
	[25,26,27,28,29]



	Weight at slaughter (kg)
	223–540
	[28,29,30,31]



	Carcass yield (%)
	45–59
	[15,16,17,19,20,22,27,28,29,32,33,34,35,36]
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Table 3. Chemical composition of river buffalo meat.






Table 3. Chemical composition of river buffalo meat.





	Trait
	Range
	References





	Moisture (g/100 g)
	71.33–77.18
	[15,16,17,26,28,29,32,33,35,47,48,50,51,52,53,54,55]



	Ash (g/100 g)
	0.57–1.82
	[15,17,22,28,32,35,46,48,50,51,52,53]



	Protein (g/100 g)
	19.10–23.87
	[15,17,22,26,28,33,35,46,47,48,50,51,52,53,54,55]



	Collagen total (mg/g)
	4.22–7.53
	[17,22,55]



	Collagen solubility (%)
	7.40–20.90
	[26]



	Fat (g/100 g)
	0.9–3.98
	[15,17,22,26,28,32,33,35,46,47,48,50,51,52,53,54]



	Cholesterol (mg/100 g)
	32.20–123.79
	[15,22,48,51,52,54,56,57]
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Table 4. Amino acid (AA) content (g/100 g of meat) of river buffalo meat.






Table 4. Amino acid (AA) content (g/100 g of meat) of river buffalo meat.





	AA
	Range
	References





	Alanine
	0.62–1.10
	[48,66]



	Arginine
	0.71–0.78
	[48]



	Aspartate
	0.89–1.05
	[48]



	Cysteine + cystine
	0.30–0.42
	[66]



	Glutamate
	1.80–2.22
	[48]



	Glycine
	0.53–0.94
	[48,66]



	Histidine
	0.35–0.51
	[48]



	Isoleucine *
	0.50–0.56
	[48]



	Leucine *
	0.87–0.88
	[48]



	Lysine *
	0.84–1.07
	[48]



	Methionine *
	0.16–0.20
	[48]



	Phenylalanine *
	0.42–1.02
	[48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66]



	Serine
	0.50–0.51
	[48]



	Threonine *
	0.10–0.35
	[48]



	Tyrosine
	0.43–1.00
	[48,66]



	Valine
	0.57–0.67
	[48]







* Essential amino acid.
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Table 5. Fatty acid content (g/100 g FAs), fatty acid classes (% total FAs), and nutritional indices of river buffalo meat.






Table 5. Fatty acid content (g/100 g FAs), fatty acid classes (% total FAs), and nutritional indices of river buffalo meat.





	FA
	Range
	References





	C14:0
	0.89–3.63
	[17,22,51,56,57,88]



	C15:0
	0.15–0.56
	[51,56,57,88]



	C16:0
	18.13–27.81
	[17,22,47,51,56,88]



	C16:1
	0.98–3.12
	[50,56,57,88]



	C17:0
	0.28–1.52
	[22,47,51,56,88]



	C17:1
	0.43–0.98
	[22,88]



	C18:0
	19.80–33.01
	[17,22,51,56,88]



	C18:1 n9
	27.80–40.18
	[17,22,47,51,56,57]



	C18:2 n6 (LA)
	2.95–12.46
	[17,22,51,57,88]



	C18:2 9c11t (CLA)
	0.46–1.27
	[22,89]



	C18:3 n3 (ALA)
	0.23–1.38
	[17,22,51,56,57,88]



	C20:0
	0.07–0.32
	[22,51,56,57,88]



	C20:5 n3
	0.07–0.29
	[22,51,57,88]



	C22:0
	0.02–0.24
	[22,51,56,57]



	C22:6 n3
	0.03–0.24
	[22,56,57]



	C24:0
	0.05–1.01
	[22,51,57]



	SFA
	34.87–62.25
	[17,22,51,56,57,88]



	MUFA
	32.80–61.16
	[17,22,51,56,57,88]



	PUFA
	2,48–18.63
	[17,22,51,56,57,88]



	PUFA/SFA
	0.10–0.36
	[22,51,57,88]



	PUFA-n3
	0.58–2.51
	[17,22,56,57,88]



	PUFA-n6
	3.23–17.43
	[17,22,57,88]



	n-6/n-3
	3.82–8.61
	[17,22,51,57,88]



	Atherogenic Index
	0.35–0.60
	[51,52,57,88]



	Thrombogenic Index
	0.65–1.51
	[51,52,57,88]
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Table 6. Mineral content (mg/100 g of meat) of river buffalo meat.
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	Mineral
	Range
	References





	Ca
	3.59–10.31
	[99,100]



	P
	202.53–223.78
	[100]



	K
	312.84–383.98
	[99,100]



	Na
	61.42–72.95
	[99,100]



	Mg
	22.35–25.34
	[99,100]



	Fe
	2.28–2.62
	[99,100]



	Zn
	3.65–4.34
	[99,100]



	Cu
	0.09–0.16
	[53,99,100]



	Mn
	0.01–0.02
	[100]



	Se
	0.017–0.20
	[53]
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Table 7. Technological traits of river buffalo meat.
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	Trait
	Range
	References





	pH24 *
	5.29–5.75
	[17,49,53,56,113]



	Drip loss (%)
	1.3–4.18
	[22,49]



	Cooking loss (%)
	25.7–34.3
	[17,22,49,50,114]



	Lightness, L *
	34.15–59.02
	[17,28,35,41,53,88,114]



	Redness, a *
	10.8–26.55
	[17,28,35,41,53,88,114]



	Yellowness, b *
	6.8–18.3
	[17,28,35,41,53,88,114]



	Myoglobin (mg/g)
	2.36–3.59
	[35,115,116]



	Metmyoglobin (%)
	31.60–65.08
	[35,115]



	Sarcomere length (µm)
	1.51–1.83
	[26,35,116]



	WBsf ** (N)
	36.89–93.81
	[17,22,26,55,56,116]



	WBsf ** (kg)
	1.56–5.60
	[53,113]







* pH measured at 24 h post-mortem; ** Warner–Bratzler shear force.
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Table 8. Sensory traits of river buffalo meat.






Table 8. Sensory traits of river buffalo meat.





	Trait (Scale)
	Range
	References





	Colour (1–7)
	4.76–6.14
	[15,32]



	Appearance (1–8)
	5.77–6.85
	[26,55]



	Odour (1–8)
	4.53–4.54
	[88]



	Flavour (1–8)
	4.79–7.26
	[26,55]



	Off flavour (1–7)
	1.24–1.28
	[15,32]



	Juiciness (1–8)
	4.23–7.00
	[26,55,88]



	Tenderness (1–8)
	4.00–7.02
	[26,55,88]



	Overall acceptability (1–8)
	4.66–7.11
	[55,88]
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  animals-11-02111


  
    		
      animals-11-02111
    


  




  





media/file0.png





