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Abstract

:

Fatty acids (FAs) of milk fat are considered to be important nutritional components of the diets of a significant portion of the human population and substantially affect human health. With regard to dairy farming, the FA profile is also seen as an important factor in the technological quality of raw milk. In this sense, making targeted modifications to the FA profile has the potential to significantly contribute to the production of dairy products with higher added value. Thus, FAs also have economic importance. Current developments in analytical methods and their increasing efficiency enable the study of FA profiles not only for scientific purposes but also in terms of practical technological applications. It is important to study the sources of variability of FAs in milk, which include population genetics, type of farming, and targeted animal nutrition. It is equally important to study the health and technological impacts of FAs. This review summarizes current knowledge in the field regarding sources of FA variability, including the impact of factors such as: animal nutrition, seasonal feed changes, type of animal farming (conventional and organic), genetic parameters (influence of breed), animal individuality, lactation, and milk yield. Potential practical applications (to improve food technology and consumer health) of FA profile information are also reviewed.
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1. Introduction


Fatty acids (FAs) in milk fat are considered to be important nutritional components of the diets of a substantial part of the human population. According to scientific knowledge, they can also affect human health. In the past, FAs have been regarded as having negative impacts on human health; however, in the last ten years this notion has been greatly reassessed. Currently, the impact of milk fat on human health is thought of in a much more positive way than it was in previous periods [1,2,3,4,5,6,7]. Nevertheless, this area of research remains a very attractive subject for further expansions of our knowledge.



In the case of dairy farming, the FA profile is also seen as an important factor in the technological quality of raw milk. Therefore, the FA profile has the potential to significantly contribute to the production of dairy products with higher added value. As such, FAs also have an economic importance. Current developments in analytical methods and their increasing efficiency enable the study of milk FA profiles not only for scientific purposes but also in terms of practical technological applications. It is important to study the sources of FA variability in milk, which include population genetics, farming management, and targeted animal nutrition (Figure 1). It is equally important to study the health and technological impacts of FAs.



Efforts to carry out practical improvements of milk FA profiles to benefit consumers are usually driven by two reasons: (1) from a nutritional point of view, a lower proportion of saturated FAs (SFA) and a higher proportion of unsaturated FAs (UFA), especially polyunsaturated FAs (PUFA) n-3, is desirable; and (2) from a usability point of view, higher proportions of UFA are preferred (i.e., easier spreadability of butter is desirable for consumers). However, there are also problems associated with having high UFA content in milk fat, including its lower stability and the accompanying phenomena such as oxidation and possible sensory changes.



Making desirable changes to the FA profile requires a thorough knowledge of the various factors that influence milk fat composition. It is also important to know the extent to which these relevant factors are involved in influencing the FA profile. Some factors affecting the FA profile of milk (such as altitude, breed, lactation order (parity), lactation stage (days in milk), and diet) have been described previously [8,9,10,11,12,13]; nevertheless, these factors continue to be studied because of their wide-range of variation and their large number of possible mutually combined effects. In some studies using multifactorial datasets, the main factors affecting milk FA composition were feeding ration, herd, cow´s individuality, and lactation stage; whereas, breed and parity showed only small effects [10,14,15,16,17]. Although animal factors evidently affect the FA profile of milk fat [18], the main factors are related to dairy cow nutrition [19]. A number of papers showing specific nutritional effects of cow diet on milk FA profiles have been published [20,21,22,23,24,25,26,27,28,29,30,31,32,33]. These results regularly show that increasing the proportion of fresh (pasture) or preserved forage (generally fiber) as compared to grain concentrates and increasing the proportion of oilseeds in feed concentrates as compared to non-oleaginous seeds in dairy cow feeding rations improves the milk FA profile by increasing UFA and rumenic acid (RA; C18:2 c9, t11; isomer of conjugated linoleic acid (CLA)) content in milk fat.



In-depth knowledge of these factors can also be used to predict milk FA profile. This can be carried out effectively for bulk milk samples based on information about farm practices (especially the composition of dairy cow nutrition and altitude). Good prediction models for SFA and PUFA (determination R2 > 0.5), as well as very good models for trans isomers of UFA (TFA) (R2 > 0.6) have been utilized for this purpose [12].



The aim of this work is to summarize and evaluate the latest findings on factors that contribute to variability in the FA profile of bovine milk fat.




2. Development of Indirect Methods for Determining Milk FA Profile


Due to the great nutritional and technological importance of the FA profile for human health and dairy processing practices, the availability of an effective method for determining and controlling milk FA content is important. Sophisticated analytical methods that are considered standard for FA profile verifications are usually very expensive, professionally demanding, and impractical. For example, the primary method is separation by gas chromatography (GC). Therefore, a more effective analytical process is necessary. Over the past twenty years, there have been significant advances in practical hardware and software development for effective routine indirect analyses of milk FAs [34,35,36,37].



Near infrared spectroscopy has been used and evaluated for successful estimation of milk FA profiles [36]. Results of this method proved reliable for the determination of some major FAs and their groups. Coefficients of determination in external validation were good (≥0.88) for SFA, MUFA, UFA, TFA, C6:0, C8:0, C10:0, C12:0, C14:0, C16:0 and C18:1 c9 in oven-dried milk, approximate for PUFA, C18:0, vaccenic (VA; C18:1 t11) and RA, and poor for linoleic acid (LA; C18:2 n-6), alfa-linolenic (ALA; C18:3 n-3) acid, PUFA n-6, and PUFA n-3. Quantification was more accurate for oven-dried milk, but good results were also obtained for SFA, MUFA, UFA, and C18:1 c9 in liquid milk (0.91, 0.89, 0.9, and 0.86, respectively). Lower result reliability (validation determination) was obtained for TFA and RA (0.75 and 0.6, respectively).



Nevertheless, it is technically more effective to use mid infrared spectroscopy with Fourier transformation (MIR-FT) in a flow design apparatus for liquid milk [34,35,37,38]. There are suitable prediction models for FA profile estimation [34,35] and the calibration equations are useful for predicting C12:0, C14:0, C16:0, C16:1 c9, C18:1 c9, SFA, and MUFA in milk (determination of validation; g·100 mL−1 of milk: 0.74, 0.82, 0.82, 0.65, 0.88, 0.94, and 0.85, respectively; g·100 g−1 of fat: 0.64, 0.67, 0.5, 0.37, 0.53, 0.63, and 0.52, respectively). In all cases [37], the predictions were of better quality for FAs present at medium to high concentrations (i.e., for SFA and some MUFA with a coefficient of determination in external validation > 0.9). Conversion of FA content expressed in grams per 100 mL of milk to grams per 100 g of FAs was possible with only a small loss of accuracy for some FAs. Calibration correlations between GC and MIR-FT results [38] were higher for SFA and UFA (0.71 and 0.94, respectively; p < 0.001); whereas, they were lower for TFA and PUFA (0.59 each; p < 0.001). This means that 50.3% and 88.2% of the variability in routine values of SFA and UFA were explainable by variations in reference values. These indirect routine analytical methods are now opening the door to more intensive and effective research studies and quantifications of the sources of variability in milk FA profiles.




3. Effects of Nutrition and Metabolic Aspects of Cattle on Milk FA Profile


3.1. Effect of Diet


The amount of milk fat and its composition depends mainly on two processes: lipid metabolism in the rumen and lipid metabolism in the mammary gland. Furthermore, FAs released from body reserves during negative energy balance at early lactation also contribute to the final composition of milk fat [39]. Metabolic processes in the rumen and the composition of rumen microbiota are affected by nutritional factors, especially by the type of forage, forage:concentrate ratio and the associated starch level, use of lipid supplements, and also by the interaction of these factors resulting in changes in duodenal flow and the proportion of each FA [39].



3.1.1. Type of Forage


In many countries, intensive production of milk relies on two feeding strategies: year-round indoor feeding based on preserved feed or seasonal feeding based on grazing during summer combined with indoor feeding during winter. Preserved feed is represented mainly by corn, grass, legume, grass-legume silages or a combination of the above, all supplemented with concentrates. The spectrum of plants used for feeding purposes depends largely on local soil and climatic conditions. Furthermore, the proportion of forage in the diet of dairy cows can range from 50 to 90 percent of dry matter. Diet composition is the main factor that can cause shifts in the microbial diversity of the rumen [40] with subsequent changes in milk FAs. This is because individual categories of bacteria have different lipid metabolism and thus produce higher proportions of specific FAs, such as odd-chain FAs (liquid phase bacteria), C18:1 trans isomers (bacteria firmly attached to feed particles), or branched-chain FAs (bacteria loosely attached to feed particles) [41]. Recent research has demonstrated that a shift in rumen microbiota followed by changes to the milk FA profile can occur in response to high-starch diets [42], oil supplementation [43], changes in forage:concentrate ratio [44], or a switch from total mixed ration (TMR) to pasture [45], as also documented in Table 1 comparing pasture-based and silage-based feeding systems. It is clear that regardless of the botanical composition of the pasture, milk fat of grazed cows had the lowest proportion of C16:0 and hypercholesterolaemic FAs (HFA; C12:0 + C14:0 + C16:0) as well as the highest proportions of C18:1 c9, VA, RA, and MUFA compared to silage-based feeding [46].



Of the types of silage mentioned in Table 1, a significantly lower proportion of C16:0 (27.6%) as well as a significantly higher proportion of ALA (0.95%), PUFA n-3 (1.20%) and essential FAs (LA + ALA, 2.64%) have been observed in legume silage [46] (as also previously noted, e.g., [47,48]). Furthermore, proportions of the above mentioned FAs are present in even higher proportions in milk from silage-fed cows than in milk from grazed cows, in which the proportion of LA is predominantly low [49,50]. This is similar for cows fed grass silage [20].



According to the literature [24,51], the least favorable FA profile of milk fat was observed in cows fed corn silage-based diets because of the high proportion of HFA (51.8%) and low proportion of C18 FAs (26%), regardless of having the highest recorded proportion of LA (1.92% [46], likely originating from the corn grain [4]).



From the perspective of enhancing the HFA/C18 ratio (see Table 1), grazing represents a good strategy for improving milk fat composition because it increases the proportion of desirable FAs, mainly C18:1 c9, RA and cis-MUFA, and decreases the proportion of SFA compared to silage-based feeding. Of the preserved feedstuffs, the most suitable seem to be either legume silage or mixed silage [46].




3.1.2. Oilseeds


Using oilseeds in dairy cow diets is a common nutritional strategy used to improve the FA profile of milk fat. Their effect on milk FA composition has been recently reviewed in many studies [39,52,53]. Soybean and rapeseed products are widely and commonly used in many countries as excellent sources of high-quality protein and energy. However, these two feeding components differ in FA profile. While soybean products represent sources rich in LA (52.5%) and lower in C18:1 c9 (20.3%) and ALA (6.8%), rapeseed products, in general, are a good source of C18:1 c9 (more than 50%) with lower amounts of LA (20.6%) and ALA (8.9%) [54]. As documented in Table 1, soybean products improve proportions of LA and also slightly ALA, thus increasing the essential FAs PUFA n-6 and PUFA n-3 compared to rapeseed products or mixes of oilseeds. On the other hand, as documented in many studies, rapeseed improved the FA profile of milk by increasing the proportion of C18:1 c9 and RA and by decreasing C14:0 and C16:0 (this was also true when feeding mixes of oilseeds) [55]. Based on the HFA/C18 ratio (see Table 1), supplementing diets with rapeseed products seems to be better than supplementation with soybean products or mixes of oilseeds because rapeseed products have a greater impact on the proportion of desirable FAs, mainly C18:1 c9, VA, and RA.





3.2. Effects of Dairy Cow Farming System (Organic Versus Conventional)


As the most important factor affecting the variability of milk FA profile is dairy cow nutrition, comparison of organic (OS) and conventional (CS) farming systems seems to be very important. OS is characterized by grazing, with a reduced amount of conserved forage (but a higher ratio of this type of feed than concentrates) and a small proportion of grain concentrates compared to CS. The main reason for the differences between organic and conventional milk is predominantly in terms of nutritionally desirable components, rather than a genotypic effect [59,60].



In terms of nutrition, comparing milk fat of organic and conventional milk is interesting. Statistically significant differences between OS and CS were only found in the proportions of PUFA and TFA. Both groups of FAs were found to have higher proportions in organic milk [46,61] than in conventional milk. These differences were mainly observed for PUFA n-3 [62,63,64]. The increase of PUFA n-3 in organic milk is due to a significantly higher ALA proportion (0.51, 1.85%; Table 2). In contrast, due to the reduced LA proportion (2.74, 2.39%), milk fat of organic milk had a total reduction in PUFA n-6 (2.54, 2.03%).



In extensive herds (low-input non-organic farms) with mostly pasture-based feeding (94% of dry matter in feed ration) and no conserved forage, the increase in RA, ALA and MUFA was even more pronounced than in OS and CS where pasture was combined with conserved feeding [66]. On the other hand, the amount of fresh forage (pasture) did not significantly affect the composition of milk fat [68]. This finding may be due to the type of forage used in the study, as the predominant proportion was ryegrass. Ryegrass, in contrast to botanically diverse grass and pasture growth [49,69], has a small proportion of ALA. Furthermore, increased amounts of natural and fat-soluble antioxidants (alpha-tocopherol and beta-carotene) have been found in the milk fat of extensively reared dairy cows. These antioxidants probably influence oxidative stability, which is beneficial considering the higher proportion of UFA in this milk fat [66].



Similarly, C18:1 c9, LA, and ALA, were more abundant in organic milk compared to conventional milk in the relevant study [7]. In particular, LA and ALA were 24% and 50% higher in organic milk, respectively (p < 0.05). In contrast, C16:0 and C18:0 were 10% higher in conventional milk (p < 0.05). SFAs were 4% higher in conventional milk; whereas, UFAs were 9% higher in organic milk (p < 0.05). PUFAs, including the essential FAs n-6 and n-3, were 25% higher in organic milk. Furthermore, the nutritionally desirable FA parameters indicated by the n-6/n-3 and PUFA/MUFA ratios were 33% and 25% higher in organic milk than in conventional milk, respectively. In general accordance with the above-mentioned results, concentrates, corn (or other) silage, hay, and straw decreased the nutritionally desirable FAs such as MUFA, PUFA, PUFA n-3, ALA, and n-6/n-3 ratio; whereas, these feeds increased SFA, PUFA n-6, and LA [60].



Results for MUFA and PUFA show greater consistency, and higher proportions of VA, RA, ALA, and eicosapentaenoic acid (EPA; C20:5 n-3) in organic milk have been reported independent of the country of origin [70].



It is interesting that organic milk usually yields more nutritionally favorable FA profiles (like PUFA, PUFA n-3, ALA and RA) than conventional milk [60,61,71]. This could be hypothetically explained by more arguments which are linked with the increased proportion of fresh forage in dairy cow nutrition [7]: —dairy cow feeding under low-input (pasture) and organic conditions has usually higher UFA proportion [12,25,26,32,39,47,72,73]; —there can be reduced rumen biohydrogenation [7,72,73,74]; —Δ9-desaturase activity can be influenced either positively [7] or mostly negatively in dependence on long-chain UFA intake [73], extent of PUFA n-3 inhibiting activities [75], content of de novo and preformed FAs [74] or precursor concentrations [28]. Also, higher polyphenol and terpenoid intake by cows in OS inhibit hydrogenation by microorganisms in the rumen and this can lead to the higher proportions of desirable FAs in organic milk [62,76,77].



In general, up to 44% of milk fat can originate from a cow’s diet. Therefore, management of animal nutrition during lactation is considered to be critical for producing a high quality FA profile in milk fat, more so than any other factors such as cow breed and genotype, age, health, and aspects of lactation [7,62,65,76].




3.3. Effect of Lactation and Energy Status


Lactation stage, along with energy balance of dairy cows, has an impact on the FA profile of cow’s milk. Changes in milk FA composition during lactation, particularly at the beginning of lactation, originate from altered activity in pathways of FA derivation (i.e., the diet; de novo synthesis in mammary glands; ruminal biohydrogenation; body fat mobilization) [78,79,80,81]. Lactation itself is characterized by alternating cycles of lipolysis and lipogenesis in body stores that allow the cow to meet her energy requirements for milk secretion. The increased energy demands of foetal development and milk secretion are mainly evident in the transition period of lactation [82]. Therefore, cows, like other lactating animals, often enter a negative energy balance (NEB) at the start of lactation [83], approximately during the initial 30 days [84], or even up to 70 to 84 days postpartum (pp) [85]. Mammary function has metabolic priority and thus, in the NEB state, the limited available nutrients in an organism are directed to milk synthesis for survival of offspring [86]. Body reserves (fat, and to a lesser degree, protein) are mobilized [87] through homeostatic regulation [85,88]. This mobilization results in a loss of body condition score (BCS) and live weight [89,90,91] as a physiological mechanism to overcome the energy deficit. Consequently, non-esterified FAs (NEFAs) are released from body fat reserves, with increasing NEFA levels in blood suggesting a shortfall in energy balance [92]. NEFA metabolites are directed into the mammary gland to supply milk triglycerides or utilized in the liver [86,93,94,95].



Thus, the beginning of lactation is the most demanding period in terms of energy status and also herd health management [83,86,96,97]. High utilization of energy reserves during this period is reflected in milk fat content [98], namely in the FA composition and mutual ratios between individual FA groups [99]. The general pattern can be described as follows: a high uptake of long-chain FAs by the mammary gland affects de novo synthesis of FAs through the inhibition of acetyl coenzyme A carboxylase [8]. Therefore, SFAs, especially C16:0, are at their lowest proportion in week 1 pp, with increasing amounts until 12 weeks pp (as the energy balance improves). On the other hand, MUFAs, mainly represented by C18:1 c9, decrease in proportion until week 12 pp [8,78,80,81,100] (Figure 2).



Oleic acid, as the predominant FA in adipocytes, is primarily released through lipolysis during NEB [104,105]. Moreover, adipocytes of high genetic merit cows were found to be more sensitive to lipolysis [106]. An elevated proportion of C18:1 c9 in milk fat is a suitable marker for NEB not only in the early lactation period but also in any stage of lactation when fasting and ketosis occur [107]. This was confirmed by a study in which NEB was deliberately induced by feed restriction and it was found that changes in the FA profile follow similar patterns as in the case of NEB in early lactation. Specifically, there is a decreasing proportion of short-chain FAs and an increasing amount of long-chain FAs during NEB. The proportion of PUFA was relatively constant in both postpartum- and feed restriction-induced NEB [81].



With improvements in energy balance through progression of lactation or increased feed intake, the FA profile of milk markedly changed [81]. A significantly higher proportion of SFAs, described around day 150 pp, was associated with the later stages of lactation [97], when animals were no longer in NEB. Similarly, the lower proportion of MUFAs around day 150 pp indicates a well-balanced energy intake in cows [99]. Some studies have suggested using measurements of milk FAs, particularly those of long-chain FAs, as indicators of energy status in dairy cows [81,97,107].



According to the aforementioned facts, it is obvious that milk FA composition primarily reflects differential utilization of body fat stores. In this context, the BCS of a dairy cow is a useful tool for indicating energy status. BCS may play a role in regulating appetite and feed intake, thereby affecting milk production and its composition. The optimal calving BCS is 3.0 to 3.25; whereas, a lower calving BCS is associated with reduced milk yield. A BCS ≥ 3.5 is associated with reduced dry matter intake, resulting in decreased milk yield and an increased risk of metabolic disorders [85]. The BCS at calving is positively correlated with milk fat components derived from adipose tissue (long-chain and UFA) and negatively related to short-chain FAs synthesized from ruminal acetate [108,109].



Metabolic status of dairy cows is further affected by parity [110], although studies disagree as to the relationship. Some studies have reported that primiparous cows have greater corporal reserves (BCS) during their postpartum periods than multiparous cows [85,110]. According to other studies, primiparous cows have a lower BCS to begin with and a greater decrease in BCS than multiparous cows [111,112]. Additionally, one study found no difference in BCS based on parity [113]. Due to the high energy requirements for continued body growth [17,113], primiparous cows invest less body reserves into their milk yield compared to multiparous cows. Peak NEFA concentrations occurred at 4 weeks pp for primiparous cows; however, multiparous cows had two peaks—the first at week 1 and the second at week 4 pp. Multiparous cows showed a larger NEB with longer duration than primiparous cows [110].



Considering the health aspects, a more desirable FA composition is observed in cow’s milk at the beginning of lactation (i.e., between days 10 and 30 pp). Three FAs that are referred to as HFA [114] are lowest at the start of lactation but increase as lactation progresses. By contrast, the proportions of C18:1 c9 and LA, which are considered to have cardioprotective effects, are present in higher amounts early in lactation [16,81]. RA is another FA with health benefits [115]. According to some studies, stage of lactation has little effect on RA content [10]; however, others have reported an increasing proportion of RA in late lactation [18,116].



In terms of parity, primiparous cows have a nutritionally more desirable FA composition, with a lower proportion of SFA and a higher proportion of UFA and RA [117,118].





4. Effects of Genetics and Breeding of Cattle on Milk FA Profile


Use of genetic knowledge to alter milk fat is possible only with these prerequisites: (1) genotypic and phenotypic variation; and (2) accurate estimation of genetic parameters (i.e., heritability, genetic correlation). Fat content is much more variable in comparison to other milk constituents (e.g., protein, lactose). High variability was found not only in fat content, but also in the proportion of FAs and their groups [46,119,120]. Regarding phenotypic differences in individual FAs, variability is higher for UFA than for SFA (Table 3). This is primarily related to the pathway of FA biosynthesis [121,122,123]. Most SFAs are synthesized de novo (in mammary epithelial cells); whereas, most UFAs are obtained from the diet and body fat stores [98].



Finally, knowledge of genetic parameters is important for the design of animal breeding programs and for prediction of selection responses [125]. Evaluation is estimated based on pedigree data; however, the implementation of genetic evaluations for milk FA profile has been limited to a great extent due to the reference method of FA analysis—costly and time-consuming GC [119,120,126]. Use of newer routine methods (MIR-FT) for FA analysis eliminated this drawback and has revealed great potential for genetic analysis of FAs at the population level [120].



4.1. Heritability Estimates


The first studies on heritability of FA profiles began in the 1970s [127,128]. These were performed in dairy cows using GC results of FA profiles of very small progeny populations and twins. The results were therefore somewhat limited; however, the studies did increase interest in the topic and over the last decade, especially, many follow-up studies have been published (Table 4). Increasing interest in this topic was initiated by new findings in genetic research and developments in the methods for FA determination (i.e., increased speed and ease of use as well as reduced cost of FA analysis) [119,123,124].



Generally, heritability depends on FA saturation and on carbon numbers of the FAs (Table 4). As such, heritability estimates are mostly higher for SFAs than for UFAs, and an increase in carbon number reflects a decrease in the heritability estimate (higher heritability for short- and medium-chain FAs than for long-chain FA groups) [123,124,129,130]. Consistently, these estimates correspond with the FA biosynthesis mechanism. De novo synthesized FAs are influenced mainly by animal factors (breed, parity, stage of lactation); whereas, pre-formed FAs are influenced by feed factors [98]. However, some authors [124,125] have reported slightly higher heritability estimates in PUFA than in MUFA. This difference could be due to the pathway of RA synthesis. RA is produced not only through biohydrogenation of LA in the rumen, but also to a much larger extent (about 80%) by endogenous synthesis from VA by the ∆9-desaturase enzyme in the mammary gland and other tissues [131]. Therefore, there is a noticeable effect of genetic variance.



As shown in Table 4, there are considerable differences in heritability estimates between some studies. The authors mostly agree that this variation in heritability estimates can be explained by the following: (1) the units used to express FA concentrations (i.e., g·100 g−1 of milk vs. g·100 g−1 of FA vs. g·100 g−1 of fat); (2) the methods used for FA analysis (reference GC vs. routine MIR-FT); (3) the models used for estimation of heritability (genome- or pedigree-based analyses); and (4) the database structure. These database structures are determined by the relative genetic and environmental variances because each have a different design given by the number of herds (breeds, sires, cows) or by the number of samples available for analysis [101,122,132,133]. Heritability estimates also differ by parity or stage of lactation [125] and the feeding system [122].



Some studies [121,122,126] provide evidence that additive genetic effects are responsible for a significant proportion of the phenotypic variation in ∆9-desaturase activity in dairy cows. Heritability estimates were comparable to the heritability of milk yield. Desaturase activity could, therefore, be used in future breeding programs to improve the FA profile of milk fat by increasing the proportions of MUFA and RA and by decreasing the SFA proportion.




4.2. Genetic and Phenotypic Correlations


Heritability estimates for FAs are usually higher for FAs expressed in 100 g of milk or in g per day, rather than in 100 g of fat or 100 g of FA [132,134]. This demonstrates the considerable effect of milk yield and fat content [135]. Both parameters (milk yield, fat content) are strongly influenced by breed, cow´s individuality, parity, and stage of lactation. Thus, it seems the relationships between milk performance parameters and individual FAs could be useful for understanding the effects of biological factors and, to a certain extent, for determining the extent of the differences [46].



Overall, results for genetic correlations indicate that cows are genetically predisposed to produce more SFA when fat content increases [120]. On the other hand, fat content can be negatively correlated with UFA, suggesting selection for increased fat content will decrease these FAs [123,135] (Table 5).



FAs were negatively correlated with milk yield and protein yield, but positively correlated with fat yield, fat content, and protein content [119]. Very similar genetic correlations have been reported [120] for FAs depending on FA saturation.



It has been noted [124] that correlations of FAs with milk yield vary across days in milk. Many FAs have genetic correlations with milk yield that are close to zero at the beginning of lactation; yet, as lactation progresses, these correlations become more negative. These differences mean that selecting for milk yield at different stages of lactation could have variable effects on FA content. This may be affected by the energy balance status of cows in early lactation because the highest correlations with lactation were observed for C18:1 c9, which is an indicator of body fat mobilization (0.42 at 5 days in milk and −0.40 at 230 days in milk).



Similar to heritability estimates, genetic correlations vary depending on parity [119], with the highest correlations found for first lactation and the lowest for third lactation (for all FAs and their groups).



It should be noted that it is also possible to apply genetic information in attempts to make changes to fat composition, even though UFA expressed a strong negative phenotypic correlation and a weak genetic correlation [126].




4.3. Gene Polymorphism


A large number of genes participate in milk fat biosynthesis (Table 6). Despite the availability of whole-genome association studies [138,139,140,141,142,143], our knowledge of the role of various genes is not yet complete. Therefore, identified genes are called candidate genes. Candidate genes for milk fat biosynthesis are associated with different activities, such as: acetate and FA activation and intra-cellular transport (ACSS2, FABP3), synthesis and desaturation of FAs (FASN, SCD1), triacylglycerol synthesis (AGPAT6, DGAT1), regulation of transcription (SREBF1, PPARGC1A), and others [144]. Polymorphisms in these genes may affect fat content or FA profile and consequently the technological properties of milk fat.



In relation to FA profile, polymorphisms of the DGAT1 (K232A) and SCD1 (A293V) genes have been thoroughly studied [53,145,146]. Genetic variance explained by DGAT1 is lower (3–15%) than the variance explained by the SCD1 (6–52%) polymorphism [147].




4.4. Effects of Cattle Breed on Milk FA Profile


Cattle breed may affect the FA profile of milk [11,18,30,35,134,148,149,150,151]; however, its influence has sometimes been shown to be limited [17,30]. Ever since the early days of cattle domestication, but especially over the last 150 years, gene homogeneity within milked breeds has increased. In this way, genotypic and consequently phenotypic differences have become more pronounced between breeds for desirable properties (exteriors, metabolic, etc.), including differences in the FA profile. However, according to a summary of past research results, the influence of breed on FAs can be considered a minor effect compared to the practical influences associated with cow diet. A qualified estimate would be able to evaluate the breed effect on FA variability as 20% compared to about 55% that can be attributed to nutritional and feeding performance, while other effects (25%) are related to lactation factors (for instance).



Some papers have described significant milk FA profile differences between cattle breeds [35,134,149,150,151]. The most often studied milked dairy cattle breeds were Holstein (H), Jersey (J), Simmental, Brown Swiss (BS), Ayrshire (A), and Montbéliarde (M) [10,49,69,149,152,153,154,155,156,157,158]. These results have been summarized [18] as FA profiles for breeds H, J, BS, A and M. For instance, for MUFA, there were mean variation ranges (in g·100 g−1 of FAs) as follows (for the same order of breeds as listed in the previous sentence): 25.0–39.9; 20.9–22.5; 20.9–29.7; 21.5–24.8; and 16.1–22.0. The same figures for PUFA were: 3.3–4.9; 3.2–3.5; 2.8–4.7; 2.5–4.3; and 2.6–3.2.



In a recent study from an organic farm, Simmental milk had, in the total content of FAs, a significantly higher content of C12:0, C16:1 c9, C17:1 t9, LA, ALA, C20:1 c9, C20:4 n-6, PUFA, and UFA, as compared to Holstein-Friesian (HF) milk. Additionally, Simmental milk had a lower amount of C15:0, C18:0, C20:0, C22:0, and CLA. Compared to HF milk, the PUFA/SFA and UFA/SFA ratios in the Simmental milk were significantly higher; whereas, the thrombogenic index and the LA/ALA ratio were significantly lower [151].



Some minor local breeds have also been studied with regard to milk FA profile [159]. The Polish Red and White breed had a relatively lower content of nutritionally controversial C14:0 and C16:0 as compared to milk of other breeds. Furthermore, their milk proved to be an excellent source of VA and RA, especially during the grazing season.



In general, it is possible to state that local cattle breeds tend to have a better milk fat composition with respect to desirable FAs than breeds that are more efficient in terms of dairy yield. However, these breeds are more often kept under extensive conditions (more often OS), which is also related to a typical variation in dairy cow diet—the proportion of ingredients in the feeding ration is more in favor of forage (fresh or preserved) compared to grain concentrates than under intensive conditions. There have not yet been enough experiments on breed differences in milk FA profile that have been carried out on cows with the same nutritional conditions (for instance Holstein versus a local extensive breed). Of course then, it is possible that a portion of these breed FA differences is primarily defined by dietary sources.



The variability of FAs in bovine milk due to genetic factors and FA profile differences among cattle breeds have been well-studied [35,134,149,150,172]. Often, significant differences between breeds have been found, as well as acceptable genetic correlations and heritability coefficients for major FAs and their groups. The moderate heritability estimates for major FAs observed in these studies may suggest a genetic effect. Therefore, using genetic information to improve the nutritional quality of milk fat based on FA profiles might be possible. Based on these findings, FA profile data may be useful as a marker for genetic improvements (by breeding, selection) of bovine milk fat nutritional quality (i.e., to increase proportions of FAs that are desirable in terms of human nutrition).





5. Indices for Evaluation of Milk Fat Quality


Because it is difficult to evaluate the nutritional and also technological value of milk fat from the content of individual FAs, some ratios or indices have been proposed. First, these indices were used primarily to evaluate the negative effect of C12:0, C14:0, and C16:0 on human health. Formulas for calculating the atherogenic (AI) and thrombogenic (TI) indices as well as a modified calculation of S/P were proposed by Ulbricht and Southgate [173]:


AI = (C12:0 + 4 × C14:0 + C16:0)/(∑MUFA + ∑(n-6) + ∑(n-3));



(1)








TI = (C14:0 + C16:0 + C18:0)/((0.5 × ∑MUFA + 0.5 × ∑(n-6) + 3 × ∑(n-3)) + (∑(n-3)/∑(n-6)));



(2)






S/P = (C14:0 + C16:0 + C18:0)/(∑MUFA + ∑PUFA).



(3)





Furthermore, the hypocholesterolaemic/hypercholesterolaemic ratio (HH) is calculated according to Santos-Silva et al. [174]:


HH = (C18:1 n-9 + C18:2 n-6 + C20:4 n-6 + C18:3 n-3 + C20:5 n-3 + C22:5 n-3 + C22:6 n-3)/(C14:0 + C16:0).



(4)







More recently, Chen et al. [175] developed the health-promoting index (HPI), which is the inverse of the AI:


HPI = (∑MUFA + ∑PUFA)/(C12:0 + 4 × C14:0 + C16:0).



(5)







The activity of Δ9-desaturase is essential in the process of UFA synthesis. This enzyme catalyzes the introduction of a cis-double bond between carbons 9 and 10 of SFAs with a chain length of 10 to 18 carbons. During this process, specific medium- and long-chain SFAs are converted into the corresponding MUFAs [10]. Although the enzyme can catalyze the conversion of C10 to C18 SFAs, its effect on these FAs is not equal, mainly favoring the conversions of C16:0 into C16:1 c9 and C18:0 into C18:1 c9 [98,176]. That is why those FAs are included in the calculation of desaturation indices (DI) that are defined as ratios of the FAs dependent on the activity of this enzyme (c9 unsaturated FAs) and can be calculated on the basis of product/substrate [177]; substrate/product [178], or product/(substrate + product) [10] as in the following formulas:


DI = C14:1 c9/(C14:0 + C14:1 c9),



(6)








DI = C16:1 c9/(C16:0 + C16:1 c9),



(7)






DI = C18:1 c9/(C18:0 + C18:1 c9),



(8)






DI = C18:2 c9,t11/(C18:1 t11 + C18:2 c9,t11).



(9)





Although it is possible to calculate DI in different ways, it should be noted that the C14:1 c9/(C14:0 + C14:1 c9) ratio has been suggested as the best indicator for Δ9-desaturase activity [177] because C14:0 in milk fat is almost exclusively derived from de novo synthesis in the mammary gland and thus almost all C14:1 c9 is likely to be the product of Δ9-desaturase activity [14]. Furthermore, a general desaturation index that includes all variables from the above mentioned formulas has been suggested [179]:


DI = 100 × [(C14:1 c9 + C16:1 c9 + C18:1 c9 + C18:2 c9,t11)/(C14:1 c9 + C16:1 c9 + C18:1 c9 + C18:2 c9,t11 + C14:0 + C16:0 + C18:0 + C18:1 t11)].



(10)







All the abovementioned indices together with PUFA/SFA and n-6/n-3 PUFA ratios are widely used to evaluate the nutritional value of milk fat. It is supposed that milk fat with high AI and TI values may be more likely to contribute to the development of atherosclerosis or coronary thrombosis in humans; whereas, milk with high HPI and HH ratios may have a protective effect against cardiovascular diseases [31]. Although a higher proportion of PUFA in milk fat is desirable from the perspective of human health, these can influence the technological properties of milk fat either positively (improved spreadability) or negatively (increased susceptibility to oxidation). Thus, further indices have been subsequently proposed such as the peroxidisability index (PI, [180], that represents the degree of unsaturation of dietary lipids [181] and is used as an indicator of PUFA peroxidation [182]) and the spreadability index (SI, [183], for evaluating the ratio of C16:0 and C18:1 c9, which has been shown to be the most accurate indicator of butter hardness [184]). The oxidative stability of milk fat can also be characterized as SFA/UFA ratio.


PI = 0.025 × Mono + Di + 2 × Tri + 4 × Tetra + 6 × Penta + 8 × Hexa



(11)




where: Mono, Di, Tri, Tetra, Penta and Hexa represent the weight percentages of monoenoic, dienoic, trienoic, tetraenoic, pentaenoic and hexaenoic FAs, respectively.


SI = C 18:1 c9/C 16:0



(12)




(in some studies, e.g., [21], the inverse formula is used for calculation of SI)



As presented in Table 1, AI is influenced by the type of feed. Of the different types of forage, the lowest AI value was found for pasture-based feeding systems followed by legume silage feeding. The highest values were, on the other hand, found in corn-silage feeding systems. In the case of oilseeds, improvement in AI was noted after feeding either mixes of oilseeds or rapeseed products.



As expected, DI was influenced by the type of forage because of greater differences in the concentration of C18:0 and C18:1 c9 [46]. The effect of oilseeds on DI was marginal [27,32,33].



Of the possible forages, the best SI of milk fat was found after feeding corn and grass silages, while the highest value was calculated for pasture-based feeding systems. For oilseeds, an increased SI value and thus softer butter fat was produced after feeding rapeseed products, which has also been documented by e.g., [175].




6. Relationships among FA Profiles and Other Indicators in Cows


Biological variability in milk metabolic indicators (such as Fas, etc.) can also be explained, in part, by the relationships among physiological, technological, and health milk indicators. Relationships between FAs and their groups and selected milk indicators (bulk milk samples) were studied in Czech Fleckvieh and Holstein cows [185]. The only significant relationship of SFAs was to lactose content (r = 0.29; p < 0.05). All relationships of MUFAs to milk indicators were insignificant (p > 0.05). Relationships between PUFAs and milk indicators were narrower: fat (0.32; p < 0.05); lactose (0.46; p < 0.01); milk alcohol stability (0.45; p < 0.01); titration acidity (0.34; p < 0.01); cheese curd quality (0.43; p < 0.01); milk fermentationability (0.53; p < 0.001); streptococci count in yoghurt (0.32; p < 0.05); and total count of noble bacteria in yoghurt (0.31; p < 0.05). Relationships of CLA to selected milk indicators were as follows: fat (0.38; p < 0.01); lactose (−0.54; p < 0.001); alcohol stability (0.27; p < 0.05); and cheese curd quality (0.41; p < 0.01). Thus, higher CLA levels were associated with higher fat and lower lactose content, as well as lower alcohol stability.



Correlation coefficients (>0.3) for the summarized values of lactation, which were calculated in regular milk recording were observed [13] at MUFA with short chain: 0.47 to days in milk, 0.31 to milk yield (kg), 0.35 to fat, and 0.34 to protein total production (both in kg). The most important FAs (in individual milk samples), such as C12:0, C14:0, C16:0, C18:0, and C18:1 c9, were not significantly related to either lactation sum or daily production parameters, or to the content of basic components of milk with the exception of C16:0 (30.93 ± 4.81% in milk fat), which has a negative relationship to daily milk (−0.4) and protein production (−0.35). This FA has also been positively associated with fat content (0.44) and negatively associated with lactose content (−0.31). CLA was negatively correlated with daily fat production (−0.41), fat content (−0.27), and fat/protein index (−0.42). In order to better understand and interpret milk FA profiles, knowledge of the relationships between major FAs and their groups and other milk indicators is also important.



In addition to the above mentioned milk indicators, there are also documented associations between the milk FA profile and metabolic disorders such as ketosis or between the milk FA profile and reproduction performance [81,136]. Moreover, interesting associations have been recently described among FAs synthetized in the rumen, methane production, and milk FA content [129,137]. It is evident that the possibility for methane output prediction based on milk FA content should be intensely studied to improve the environmental sustainability and economic profitability of dairy production.



Last but not least, dairy cow nutrition substantially influences the profiles of other body tissues, especially body liquids, in addition to the milk FA profile. Accordingly, an analysis of the percentage (by weight) of FAs in different body tissues [186] was done. Findings revealed that stage of lactation had a significant impact on the content of many FAs in all examined tissues. Parity had no effect on FA composition of blood; whereas, it significantly affected C16:1 c9 in the liver as well as C16:1 c9 and C18:0 in adipose tissue. Energy-protein supplementation significantly affected the content of most FAs in blood (e.g., C18:1 t11 and C18:3 n-3) and liver (C18:3 n-3, CLA, and PUFA n-3 derived from fish oil), but it did not affect the profile of adipose tissue in cows. Therefore, it is necessary to consider these effects when developing methods to control the production of animal raw materials for the food industry.




7. Milk FA Profile and Human Health


Milk and dairy products play an important role in human nutrition because they provide not only essential nutrients such as high-quality proteins, fat, lactose and minerals, but also various physiologically active compounds such as vitamins, bioactive peptides, and antioxidants [187,188,189].



Milk and some dairy products (butter) have been criticized for the unfavorable FA profile in milk fat. Indeed, bovine milk fat contains on average about 70% SFA, 25% MUFA, and 5% PUFA [42]; whereas, the ideal FA profile, from a human health perspective, should be 8% SFA, 82% MUFA and 10% PUFA [190].



The SFAs that play the greatest role in a negative view of milk fat (i.e., C12:0, C14:0, and C16:0), have often been associated with having adverse effects on indicators of cardiovascular risk (e.g., low-density lipoprotein cholesterol level in serum [191]). This is because the consumption of excessive amounts of SFA has been associated with increased risk of cardiovascular disease [192]; however, extensive modern research on the effects of FAs on human health indicates that only a few individual FAs are responsible for the negative health consequences [193]. Thus, the perspective on SFA has only recently changed from a focus on the effects of SFA as a single group to the effects of individual SFAs as well as other FAs present in milk. Continued study and discussion of their specific biological functions and roles in metabolism (see Table 7), along with their interactions is needed.




8. Conclusions


At present, there is strong research interest in the nutritional quality and health benefits of food, which is supported by public awareness and an on-going desire to improve our quality of life. Consequently, targeted modification of the FA profile of milk fat is desirable. Developments in analytical methods have played an important role in increasing the efficiency and feasibility of studies on the sources of FA variability. In recent decades, many studies have been devoted to improving milk FA composition by increasing the amount of FA with beneficial effects on human health and appropriate technological properties. Accordingly, knowledge of the important factors affecting milk FA composition and their relationships, including physiological aspects such as rumen fermentation, fat synthesis in mammary gland tissue, and energy status of animals, is essential from both a research and practical point of view. This review has therefore focused on the main sources of FA variability. Breed, animal genetics, metabolic and lactational effects, management, and other factors were mentioned; nevertheless, feeding strategy is undoubtedly considered to be the most efficient way to modify milk FA composition. Some factors are well known—e.g., role of diet and stage of lactation—while others, such as polymorphism, are only beginning to be understood. The possibility of using milk FA profiles as indicators to predict animal health or even methane production levels is currently under active investigation. Further research on sources of FA variability is important for finding effective ways of improving the health benefits and technological quality of milk products through modifications in the FA profile. This will most likely be achieved by targeted changes to feeding and breeding strategies.
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Abbreviations




	ALA
	alpha linoleic acid



	BCS
	body condition score



	CLA
	conjugated linoleic acid



	CS
	conventional system



	EPA
	eicosapentaenoic acid



	FA
	fatty acid



	GC
	gas chromatography



	LA
	linoleic acid



	MIR-FT
	infrared spectroscopy in mid-range with Fourier transformation



	MUFA
	monounsaturated fatty acids



	NEB
	negative energy balance



	NEFA
	non-esterified fatty acids



	OS
	organic system



	PUFA
	polyunsaturated fatty acids



	RA
	rumenic acid (C18:2 c9, t11)



	SFA
	saturated fatty acids



	TFA
	trans isomers of polyunsaturated fatty acids



	UFA
	unsaturated fatty acids



	VA
	vaccenic acid (C18:1 t11)
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Figure 1. Diagram of the sources of variability in the fatty acid profile of milk. 
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Figure 2. Proportions of palmitic and oleic acids (g∙100 g−1 of fatty acids) depending on lactation stage. References: A = [100], B = [101], C = [102], D = [103]. 
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Table 1. Effects of the types of forage and oilseed on the proportion of fatty acids (FAs; % of total FA) in milk fat *.






Table 1. Effects of the types of forage and oilseed on the proportion of fatty acids (FAs; % of total FA) in milk fat *.



















	
	C14:0
	C16:0
	C18:0
	C18:1 c9
	C18:1 t11
	18:2 n-6
	C18:2 c9,t11
	C18:3 n-3
	HFA3
	c-MUFA4
	t-MUFA5



	
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)



	Silage
	
	
	
	
	
	
	
	
	
	
	



	 - grass
	12.4 (11)
	32.3 (13)
	9.8 (13)
	16.1 (13)
	1.18 (6)
	1.18 (13)
	0.54 (6)
	0.49 (13)
	48.6 (11)
	18.5 (10)
	3.65 (10)



	 - legume
	11.0 (6)
	27.6 (6)
	9.9 (6)
	17.6 (6)
	1.24 (5)
	1.69 (6)
	0.51 (5)
	0.95 (6)
	42.1 (6)
	19.7 (6)
	3.53 (6)



	 - mix 1
	11.2 (5)
	32.1 (5)
	10.3 (5)
	18.8 (4)
	0.83 (4)
	1.43 (5)
	0.47 (4)
	0.48 (5)
	46.6 (5)
	18.2 (1)
	2.34 (3)



	 - corn
	13.4 (6)
	33.2 (8)
	7.0 (8)
	16.7 (8)
	0.92 (7)
	1.92 (8)
	0.45 (7)
	0.39 (8)
	51.8 (6)
	18.9 (6)
	2.30 (1)



	Pasture
	10.1 (18)
	25.0 (20)
	9.6 (20)
	19.7 (20)
	3.15 (20)
	1.04 (17)
	1.30 (20)
	0.75 (17)
	38.1 (18)
	21.1 (13)
	4.25 (7)



	Oilseeds
	
	
	
	
	
	
	
	
	
	
	



	 - soybean
	11.2 (4)
	29.4 (4)
	10.8 (4)
	16.8 (4)
	0.99 (3)
	3.01 (4)
	0.66 (4)
	0.45 (4)
	43.9 (4)
	
	



	 - rapeseed
	10.8 (6)
	28.5 (6)
	12.5 (6)
	21.2 (6)
	1.28 (3)
	2.26 (5)
	0.75 (5)
	0.41 (6)
	42.2 (6)
	25.0 (1)
	6.4 (1)



	 - mix 2
	11.3 (3)
	33.5 (3)
	10.4 (3)
	21.4 (3)
	
	2.64 (3)
	0.55 (2)
	0.3 (3)
	48.1 (3)
	
	



	
	EFA6
	PUFA n-67
	PUFA n-37
	C183
	SFA/UFA8
	n-6/n-37
	HFA/C183
	AI9
	DI9
	SI9
	



	
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	Mean (n)
	



	Silage
	
	
	
	
	
	
	
	
	
	
	



	 - grass
	1.67 (13)
	1.33 (10)
	0.51 (10)
	27.6 (13)
	2.82 (10)
	2.77 (10)
	1.77 (11)
	3.58 (10)
	0.62 (16)
	0.50 (13)
	



	 - legume
	2.64 (6)
	2.09 (6)
	1.20 (6)
	30.1 (6)
	2.49 (6)
	1.95 (6)
	1.41 (6)
	2.83 (6)
	0.64 (6)
	0.64 (6)
	



	 - mix 1
	1.91 (5)
	1.97 (4)
	0.68 (4)
	30.3 (4)
	2.89 (1)
	2.98 (4)
	1.59 (4)
	3.46 (4)
	0.65 (4)
	0.59 (4)
	



	 - corn
	2.31 (8)
	2.43 (5)
	0.43 (5)
	26.0 (8)
	3.03 (6)
	6.21 (5)
	2.09 (6)
	3.82 (5)
	0.70 (8)
	0.50 (8)
	



	Pasture
	1.79 (17)
	1.56 (14)
	0.99 (14)
	30.5 (17)
	2.36 (10)
	1.69 (14)
	1.33 (15)
	2.45 (13)
	0.67 (20)
	0.79 (20)
	



	Oilseeds
	
	
	
	
	
	
	
	
	
	
	



	 - soybean
	3.45 (4)
	4.08 (2)
	1.64 (2)
	32.5 (4)
	2.24 (4)
	2.49 (2)
	1.45 (4)
	2.52 (4)
	0.67 (4)
	0.75 (4)
	



	 - rapeseed
	2.29 (6)
	2.17 (5)
	1.02 (5)
	37.3 (6)
	1.79 (6)
	1.71 (5)
	1.20 (6)
	2.17 (6)
	0.67 (6)
	0.92 (6)
	



	 - mix 2
	2.95 (3)
	2.88 (3)
	0.76 (3)
	35.1 (3)
	2.1 (2)
	3.79 (3)
	1.39 (3)
	1.90 (3)
	0.68 (3)
	0.67 (3)
	







* Values for forages calculated from 15 publications [46], values for oilseeds calculated from eight publications [22,27,32,33,55,56,57,58]; 1 mix from various proportions of corn and grass silages; 2 mix of oilseeds (rapeseed + soybean or rapeseed + sunflower); 3 HFA—hypercholesterolaemic FAs (∑ C12:0, C14:0 and C16:0); 3 C18—(∑ C18:0, C18:1 c9, 18:2 n-6 and 18:3 n-3); 4 c-MUFA—cis-isomers of monounsaturated FAs (∑ C14:1 c9, C16:1 c9 and C18:1 c9); 5 t-MUFA—trans-isomers of monounsaturated FAs C18:1, including C18:1 t11; 6 EFA—essential FAs (∑ C18:2 n-6 and C18:3 n-3); 7 PUFA—polyunsaturated FAs, n-6 and n-3; 8 SFA/UFA—saturated/unsaturated FA ratio; 9 AI—atherogenic index [(C12:0 + 4 × C14:0 + C16:0)/(∑MUFA + ∑(n-6) + ∑(n-3))], DI—desaturation index [C18:1 c9/(C18:0 + C18:1 c9)], SI—spreadability index [C18:1 c9/C16:0].
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Table 2. Proportions of some fatty acids (FAs) and their groups in bovine milk fat (g 100 g−1 of FA) depending on rearing type *.
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Conventional Herds

	

	
Organic Herds

	




	

	
Mean

	
n

	
Mean

	
n






	
C18:2 n-6

	
2.74

	
2

	
2.39

	
3




	
C18:3 n-3

	
0.51

	
6

	
1.85

	
8




	
C18:1 t11

	
1.82

	
5

	
2.74

	
7




	
C18:2 c9,t11

	
0.64

	
9

	
0.91

	
11




	
SFA 1

	
68.2

	
7

	
68.3

	
9




	
MUFA 2

	
26.8

	
7

	
27.0

	
9




	
PUFA 3

	
4.39

	
7

	
4.91

	
9




	
PUFA n-6 3

	
2.54

	
6

	
2.03

	
7




	
PUFA n-3 3

	
0.76

	
4

	
0.87

	
4




	
S/U 4

	
2.19

	
7

	
2.17

	
9




	
n-6/n-3 3

	
4.29

	
5

	
2.65

	
6








* Means and numbers of cases from six publications: [62,63,64,65,66,67]; 1 SFA—saturated FAs; 2 MUFA—monounsaturated FAs; 3 PUFA—polyunsaturated FAs, n-6 and n-3 series and their n-6/n-3 ratio; 4 S/U—ratio between saturated and unsaturated FAs.
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Table 3. Mean and coefficient of variation (CV; %) for milk yield, content of fat, protein, and lactose (g·100 g−1 of milk), and groups of fatty acids (FAs) 1.
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Holstein (Belgium) [124]

	
Holstein (Italy) [120]

	
Holstein (Brazil) [125]




	

	
Mean

	
CV

	
Mean

	
CV

	
Mean

	
CV






	
Milk yield (kg/day)

	
23.1

	
25.9

	
31.6

	
28.5

	
34.2

	
29.5




	
Fat (g·100 g−1)

	
3.96

	
13.7

	
3.70

	
18.9

	
3.45

	
21.7




	
Protein (g·100 g−1)

	
3.34

	
9.7

	
3.40

	
11.8

	
3.05

	
9.9




	
Lactose (g·100 g−1)

	

	

	

	

	
4.60

	
5.2




	
Groups of FA (g·100 g−1 of milk (g·100 g−1 of fat))




	
SFA

	
2.79 (74.17)

	
16.5

	
2.58 (73.40)

	
20.5

	
2.23 (68.04)

	
22.7




	
UFA

	
1.31 (34.79)

	
17.3

	
1.11 (31.58)

	
21.6

	
1.03 (31.43)

	
28.8




	
MUFA

	
1.13 (29.98)

	
18.2

	
0.91 (25.89)

	
22.0

	
0.87 (26.54)

	
30.8




	
PUFA

	
0.17 (4.43)

	
19.2

	
0.09 (2.56)

	
33.3

	
0.16 (4.88)

	
30.8








1 SFA—saturated FAs; UFA—unsaturated FAs; MUFA—monounsaturated FAs; PUFA—polyunsaturated FAs.
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Table 4. Overview of heritability, method 1, number of samples (cows and sires), breed 2, and country 3 for selected milk fatty acids (FAs) and their groups 4.
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Reference

	
Method

	
g∙100 g−1

	
Number of

	
Breed

	
Country

	
Heritability 5




	
Samples

	
Cows

	
Sires

	
h2

	
MY (kg)

	
F (%)

	
FY (kg)

	
C14:0

	
C16:0

	
C18:0

	
C18:1

	
CLA

	
SFA

	
UFA

	
MUFA

	
PUFA






	
[132]

	
GC

	
of FA

	
592

	
233

	
53

	
H

	
US

	
h2IH

	
0.11

	

	
0.19

	
<0.001

	
0.09

	
0.24

	
0.06

	

	
0.05

	

	
0.08

	
<0.001




	
[14]

	
MIR-FT

	
of fat

	
52,950

	
3217

	
1666

	
H

	
BE

	
h2G

	
0.20

	
0.33

	

	
0.15

	
0.15

	
0.16

	
0.17

	

	

	

	

	




	
[135]

	
GC

	
of fat

	

	
1918

	
101

	
H

	
NL

	
h2G

	
0.29

	
0.47

	
0.29

	
0.49

	
0.31

	
0.19

	
0.18

	
0.21

	

	

	

	




	

	
GC

	
of fat

	

	
1918

	
101

	
H

	
NL

	
h2IH

	
0.41

	
0.51

	
0.39

	
0.59

	
0.43

	
0.23

	
0.25

	
0.42

	

	

	

	




	
[101]

	
GC

	
of fat

	

	
990

	

	
H

	
IT

	

	

	

	

	
0.07

	
0.03

	
0.08

	
0.17

	
0.12

	

	

	
0.14

	




	
[122]

	
GC

	
of FA

	

	
2408

	
597

	
HF

	
GB

	

	
0.35

	

	

	
0.09

	
0.06

	
0.04

	
0.12

	
0.02

	
0.14

	

	
0.09

	
0.03




	
[124]

	
MIR-FT

	
of milk

	
130,285

	
26,166

	

	
H

	
BE

	

	
0.20

	
0.39

	
0.17

	
0.44

	
0.41

	
0.23

	
0.18

	

	
0.43

	
0.22

	
0.21

	
0.30




	
[136]

	
MIR-FT

	
of milk

	
143,332

	
29,792

	

	
H

	
BE

	

	
0.31

	
0.68

	
0.29

	
0.68

	
0.67

	
0.60

	
0.52

	

	
0.68

	
0.60

	
0.58

	
0.69




	
[126]

	
GC

	
of fat

	

	
371

	
200

	
H

	
DK

	
h2G

	

	
0.24

	

	
0.25

	
0.14

	
0.19

	
0.11

	
0.19

	
0.09

	
0.33

	
0.34

	
0.28




	
[133]

	
GC

	
of FA

	

	
371

	

	
H

	
DK

	
h2G

	

	

	

	
0.16

	
<0.001

	
0.14

	
<0.001

	

	

	

	

	




	

	
MIR-FT

	
of FA

	

	
371

	

	
H

	
DK

	
h2G

	

	

	

	
0.17

	
0.36

	
0.33

	
0.07

	

	

	

	

	




	
[120]

	
MIR-FT

	
of milk

	
72,848

	
17,873

	
1235

	
H

	
IT

	
h2G

	
0.10

	
0.20

	

	

	

	

	

	

	
0.25

	
0.07

	
0.08

	
0.08




	

	
MIR-FT

	
of milk

	
72,848

	
17,873

	
1235

	
H

	
IT

	
h2IH

	
0.14

	
0.24

	

	

	

	

	

	

	
0.29

	
0.09

	
0.10

	
0.15




	
[137]

	
GC

	
of fat

	

	
339

	

	
H

	
DK

	
h2P

	

	

	

	
0.16

	
0.21

	
0.11

	
0.07

	
0.13

	

	

	

	




	

	
GC

	
of fat

	

	
339

	

	
H

	
DK

	
h2G

	

	

	

	
0.08

	
0.17

	
0.17

	
0.02

	
0.18

	

	

	

	




	
[125]

	
MIR-FT

	
of milk

	
36,457

	
4203

	
226

	
H

	
BR

	
h2P

	

	

	

	

	
0.26

	
0.13

	
0.07

	

	
0.25

	
0.08

	
0.07

	
0.11




	

	
MIR-FT

	
of milk

	
36,457

	
4203

	
226

	
H

	
BR

	
h2G

	

	

	

	

	
0.26

	
0.14

	
0.07

	

	
0.25

	
0.08

	
0.07

	
0.11




	
[129]

	
MIR-FT

	
of milk

	
241,236

	
33,555

	

	
H

	
BE

	
h2G

	

	

	

	
0.42

	
0.38

	
0.19

	
0.15

	

	
0.40

	
0.20

	
0.19

	




	
[123]

	
MIR-FT

	
of fat

	
612,321

	
132,731

	

	
H

	
DK

	
h2IH

	

	

	

	
0.09

	
0.14

	
0.11

	
0.13

	

	
0.15

	

	
0.15

	
0.08




	

	
MIR-FT

	
of fat

	
95,920

	
21,967

	

	
J

	
DK

	
h2IH

	

	

	

	
0.07

	
0.16

	
0.09

	
0.10

	

	
0.10

	

	
0.10

	
0.11








1 MIR-FT—infrared spectroscopy in mid-range with Fourier transformation; GC—gas chromatography; 2 H—Holstein; HF—Hereford; J—Jersey; 3 BE—Belgium; BR—Brazil; DK—Denmark; GB—Great Britain; IT—Italy; NL—Netherlands; US—the United States; 4 CLA—conjugated linoleic acid; SFA—saturated FAs; UFA—unsaturated FAs; MUFA—monounsaturated FAs; PUFA—polyunsaturated FAs; 5 h2G—genomic; h2IH—intraherd; h2P—pedigree; heritability is estimated based on linear models; the estimate of H2G, H2IH, H2P is different by the number of variables involved (σ2A, σ2E, σ2PEAL, σ2PEWL, etc.); MY—milk yield; F—fat content; FY—fat yield.
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Table 5. Genetic and phenotypic correlations (r) 1 between fat content or milk yield and selected fatty acids (FAs) and their groups.
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Reference

	
r 1

	
C14:0

	
C16:0

	
C18:0

	
C18:1

	
CLA

	
SFA

	
MUFA

	
PUFA




	
Fat Content (g∙100 g−1)






	
[121]

	
G

	
−0.43

	
0.65

	
0.01

	

	
−0.58

	

	

	




	

	
P

	
−0.27

	
0.43

	
0.08

	

	
−0.32

	

	

	




	
[123]

	
G

	
0.06

	
0.17

	
−0.14

	
−0.26

	

	
0.34

	
−0.33

	
−0.26




	

	
P

	
−0.04

	
−0.05

	
0.02

	
−0.04

	

	
0.09

	
−0.08

	
−0.07




	
[125]

	
G

	

	
0.98

	
0.86

	
0.80

	

	
0.99

	
0.79

	
0.52




	

	
P

	

	
0.90

	
0.82

	
0.81

	

	
0.95

	
0.83

	
0.71




	
[101]

	
G

	
−0.40

	
0.74

	
0.28

	
0.02

	
−0.55

	

	
0.01

	




	
[135]

	
G

	
−0.43

	
0.65

	
0.01

	
−0.63

	

	

	

	




	
[119]

	
G

	
0.84

	
0.88

	
0.71

	
0.64

	

	
0.91

	
0.72

	
0.69




	

	
Milk Yield (kg∙day−1)




	
[125]

	
G

	

	
−0.35

	
−0.28

	
−0.29

	

	
−0.36

	
−0.32

	
−0.38




	

	
P

	

	
−0.09

	
−0.06

	
−0.01

	

	
−0.06

	
−0.03

	
−0.03




	
[135]

	
G

	
0.30

	
−0.50

	
0.15

	
0.32

	

	

	

	




	
[119]

	
G

	
−0.34

	
−0.33

	
−0.30

	
−0.31

	

	
−0.36

	
−0.35

	
−0.37








1 Correlation coefficient; G—genetic; P—phenotypic; CLA—conjugated linoleic acid; SFA—saturated FAs; MUFA—monounsaturated FAs; PUFA—polyunsaturated FAs.
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Table 6. Overview of selected candidate genes coding enzymes that affect bovine milk fat and fatty acids (FAs).
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	Reference
	Gene
	Gene Name
	BTA 1
	Polymorphism
	Associated with: 2





	[160]
	FABP3
	fatty acid-binding protein 3
	2
	A/G transition
	fat (↑) and protein (↑) content



	[161]
	LEP
	leptin
	4
	A80V
	milk yield (↑)



	[162]
	ABCG2
	ATP binding cassette, subfamily G, member 2
	6
	Y581S
	milk yield (↑), fat (↑) and protein (↑) content



	[163]

[164]
	PPARGC1A
	peroxysome proliferator-activated receptor gamma, coactivator 1 alpha
	6
	T19C

A968C
	fat yield (↑)

milk yield (↑), protein content (↑)



	[141]
	ACSS2
	acyl-CoA synthetase, short-chain family, member 2
	13
	n.a.
	activation and intracellular channeling of FAs



	[165]

[121]
	DGAT1
	diacylglycerol O-acyltransferase 1
	14
	K232A
	fat content (↑)

C16:0 (↑), C14:0 (↓), C18u (↓), CLA (↓)



	[139]
	ACLY
	ATP citrate lyase
	19
	n.a.
	biosynthesis of milk fat (especially C14:0)



	[166]
	FASN
	fatty acid synthase
	19
	T1950A
	fat content (↑), C14:0 (↑)



	[167]
	GH
	growth hormone
	19
	GH4.1 GH6.2
	milk (↑), fat (↑) and protein (↑) yield



	[168]
	STAT5A
	signal transducer and activator of transcription 5A
	19
	A9501G
	milk yield (↑), protein content (↑)



	[169]
	SREBF1
	sterol regulatory element binding transcription factor 1
	19
	L852P
	haplotype H1 – effects on C12:0 (↓) and C14:0 (↓)



	[170]
	GHR
	growth hormone receptor
	20
	GHR4.2
	milk yield (↑)



	[147]
	SCD1
	stearoyl-CoA desaturase 1
	26
	A293V
	indices C10 (↓), C12 (↓), C14 (↓), C16 (↑), C18 (↑), CLA (↑)



	[171]
	AGPAT6
	1-acylglycerol-3-phosphate O-acyltransferase 6
	27
	n.a.
	fat content (↑)







n.a.—not available ; 1 BTA—Bos taurus autosome; 2 C18u—unsaturated C18; CLA—conjugated linoleic acid; ↑—an increase; ↓—a decrease.
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Table 7. Effects of selected fatty acids (FAs) on human health.
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	FA
	Role
	References





	C4:0
	
	-

	
beneficial effect on the intestinal flora and human gastrointestinal wall primarily by acting as a direct source of energy for colonocytes




	-

	
one of the factors preventing progression of colorectal cancer and mammary cancer




	-

	
inhibition of cell growth, promotion of differentiation, and induction of apoptosis in various human cancer cell lines




	-

	
may prevent the invasion of tumors via inhibitory effects on urokinase




	-

	
seems to exert broad anti-inflammatory activity by affecting immune cell migration, adhesion, and cytokine expression, as well as affecting cellular processes such as proliferation, activation, and apoptosis






	[2,3,194,195,196,197]



	C12:0, C14:0, C16:0, C18:0
	
	-

	
C14:0 and C16:0—increase total blood cholesterol level and increase the risk of cardiovascular diseases




	-

	
C18:0 and C14:0—increase thrombogenicity and cholesterol level




	-

	
C12:0, C14:0, and C16:0, are related to an increased risk of atherosclerosis, hyperlipidemia, and low-density lipoprotein cholesterol, obesity and coronary heart disease






	[23,60,173,188,198]



	BCFA
	
	-

	
BCFA—anti-cancer activity




	-

	
BCFA—reduced risk of necrotizing enterocolitis in newborns




	-

	
BCFA—improvement of β-cell function




	-

	
iso C15:0—anti-cancer properties—induced cell death through apoptosis (in vitro)




	-

	
iso C15:0—inhibition of tumor growth in mice (in vivo)




	-

	
iso C15:0—induction of inhibitory effects on T-cell lymphomas in vitro and in vivo in mice






	[199,200,201,202,203]



	OCFA
	
	-

	
decreased risk of coronary heart disease




	-

	
decreased risk of type 2 diabetes






	[204,205]



	TFA
	
	-

	
not confirmed positive relationship between coronary heart disease and TFA of ruminant origin




	-

	
C18:1 t10—a potential negative effect, tendency to increase serum triglycerides (animal models)




	-

	
C18:1 t11—improvement of lipid biomarkers






	[206,207,208,209,210,211]



	c9, t11 CLA, t10, c12 CLA
	
	-

	
reduced tumor growth




	-

	
decreased risk of coronary heart disease






	[189,190,212,213,214,215,216]



	C16:1
	
	-

	
considered to be a lipokine released from adipose tissue that acts on distant organs




	-

	
mixed cardiovascular effects, direct or inverse correlations with obesity, hepatosteatosis, and a significant amelioration or prevention of insulin resistance and diabetes






	[217]



	C18:1 c9

C18:3 n-3
	
	-

	
anti-cancer and anti-atherogenic properties




	-

	
positive effect on cholesterol level




	-

	
improvement of immune response (anti-inflammatory effect)






	[114,188,218,219,220]



	C18:2 n-6
	
	-

	
improves sensitivity to insulin and thus reduces the incidence of type 2 diabetes






	[198]



	CLnA
	
	-

	
inhibitory effect on cancer cell proliferation and growth of human tumor cells (in vitro)




	-

	
modification of lipid metabolism (with decreases in adipose tissue mass) in rodent models (in vivo)






	[221,222]



	C18:1 n-11
	
	-

	
beneficial modifying effect on the fluidity and permeability of cell membranes, regulates their metabolism, and may have anti-cancer properties






	[223]



	AA

EPA
	
	-

	
neutralization of C12:0, C14:0 and C16:0 by increasing high-density lipoprotein cholesterol level




	-

	
anti-cancer, anti-hypertensive, and anti-inflammatory properties






	[6,76,224,225]



	DHA
	
	-

	
positive effect on brain cells, which is important during remission of Alzheimer’s disease




	-

	
anti-cancer, anti-hypertensive, and anti-inflammatory properties






	[225,226]







BCFA—branched-chain FAs; OCFA—odd-chain FAs; CLA—conjugated linoleic acid; c—cis; t—trans; C18:3 n-3—alfa-linolenic acid; C18:1 c9—oleic acid; C18:2 n-6—linoleic acid; CLnA—conjugated linolenic acids, mainly c9, t11, c15, and c9, t13; c15; C18:1 t11—vaccenic acid; AA—arachidonic acid; EPA—eicosapentaenoic acid; DHA—docosahexaenoic acid.
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