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Introduction 

Only 6 structural genes code for more than 95% of the proteins contained in milk (Martin et 

al., 2002). The 4 caseins, αs1-CN, β-CN, αs2-CN, and κ-CN, are respectively coded by 4 

genes (CSN1S1, CSN2, CSN1S2, and CSN3) tightly linked in a 250-kb cluster (Ferretti et al., 

1990; Threadgill and Womack, 1990) mapped on chromosome 6 (Hayes et al., 1993; 

Popescu et al., 1996), whereas the 2 main whey proteins, α-lactalbumin (α-LA) and β-

lactoglobulin (β-LG), are coded by LAA and LGB genes, mapped on chromosomes 5 (Hayes 

et al., 1993) and 11 (Hayes and Petit, 1993), respectively. Milk protein genes have been 

thoroughly investigated in cattle, and an extensive genetic variation has been identified and 

characterized. The importance of such genetic variation for animal breeding is mainly the 

consequence of the effects of milk protein variants on milk composition and cheesemaking 

properties. Moreover, milk protein polymorphisms are involved in human nutrition in 

various ways. Three crucial aspects include: i) the hypoallergenic properties of particular 

types of milk, ii) the release of peptides with biological functions from milk proteins, and iii) 

the coevolution of bovine milk protein variants and human lactose tolerance. The aim of this 

overview was to elucidate some of the main aspects affecting animal breeding and human 

nutrition, with special focus on innovative scientific approaches. 

Bovine milk protein variants 

The genetic polymorphisms. Studies on milk protein genetic variability started more than 

50 yr ago by detecting bovine β-LG main variants (Aschaffenburg and Drewry, 1957). 

During the following years, several polymorphisms were discovered within the 6 structural 

milk protein genes and important differences among bovine species and breeds were found 

(reviewed by Formaggioni et al., 1999). Genetic variants can result from single nucleotide 

polymorphisms (SNP), as well as nucleotide (nt) deletions or insertions. A recent review of 

milk protein variants (Caroli et al., 2009) modified from Farrell et al. (2004) indicated 9 αs1-

CN (A, B, C, D, E, F, G, H, I), 4 αs2-CN (A, B, C, D), 12 β-CN (A1, A2, A3, B, C, D, E, F, G, 

H
1
, H

2
, I), 14 κ-CN (A, A

1
, B, B

2
, C, D, E, F

1
, F

2
, G

1
, G

2
, H, I, J), 11 β-LG (A, B, C, D, E, F, 

G, H, I, J, W), and 3 α-LA (A, B, C) variants in the Bos genus. The nomenclature is unified 

for the 4 species of Bos genus mainly considered in cattle milk protein studies; that is, Bos 

taurus (taurine bovine), Bos indicus (zebu), Bos grunniens (yak), and Bos javanicus (banteng 
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of Bali). Details on the distribution and amino acid variation of the casein and whey protein 

variants are shown in Table 1 and 2, respectively. The amino acid (AA) exchanges or 

deletions are referred to the most common variant within each gene. 

Genetic variation can be detected at the phenotypic level by different protein identification 

techniques, namely electrophoresis, isoelectrofocusing (IEF), chromatography. The 

electrophoretic and IEF techniques, mainly used for routine typing at the protein level, only 

allow detection of variation resulting in AA exchanges altering the electric charge, the 

molecular weight or the isoelectric point of the protein. For the screening of breeds and 

populations at the phenotypic level, if milk is available, typing at the protein level by IEF is 

recommended instead of analyzing just one milk protein at the DNA level because the 

method is cheap and fast and gives a simultaneous picture of the phenotype expression of the 

6 main milk protein genes, as shown in Table 1 and 2. Although the number of genetic 

variants identified and characterized in the Bos genus is very large, only a few variants (13 of 

53) are widely distributed in Bos taurus and Bos indicus, 33 are less common or rare in these 

2 species, and 7 occur only in Bos grunniens and/or Bos javanicus. This can set the priority 

of typing particular alleles based on the species and breed of interest. Among the 45 variants 

detected in Bos taurus, 31 are surely identifiable by IEF with carrier ampholytes (CA) 

(Erhardt et al., 1998) or IEF in immobilized pH gradients (IPG) in the presence of CA 

(Krause et al., 1988); 23 of them are not rare variants. The importance of taking into account 

all the most common variants within the Bos species and breed of interest is clear, as well as 

the need to focus on mutations altering the electric charges of the specific variant, possibly 

affecting the biochemical interactions among caseins and whey proteins. 

More detailed studies might be carried out at the DNA level for a wider scan of the 

chromosome regions coding for the respective milk proteins. Typing at the DNA level does 

not require the gene product, which renders feasible the genotyping of males and non-

lactating females. Nevertheless, DNA extracted from milk somatic cells can also be used for 

the molecular analyses (Chessa et al., 2007), taking advantage of easier sampling of cows 

recorded for milk production. High-throughput assays (Chessa et al., 2007; Pariset et al., 

2009) lead to wide-scale animal genotyping at several SNP within the milk protein genes. 

Milk protein variants and animal breeding 

The effects on milk protein variants on productive traits. One of the most important 

effects of the milk protein polymorphisms on traits with economic interest is their relation 

with cheesemaking properties of milk. These relations have been extensively investigated in 

cattle (reviewed by Di Stasio and Mariani, 2000). The researchers’ attention was mainly 

concentrated on κ-CN which is the specific substrate of the chymosin, the hydrolytic activity 

of which splits the κ-CN into the insoluble para-κ-CN and the soluble caseinomacropeptide. 

This is a crucial process for the production of cheese but also for the nutrition of suckling 

calves. It is well known that milk with the CSN3*B variant reacts more promptly with rennet 

and has a rennet coagulation time significantly shorter than milk with CSN3*A, whereas milk 

from heterozygous cows shows an intermediate behavior (Losi et al., 1973). Differences in 

the micelle stability that occur between the 2 genetic variants CSN3*A and CSN3*B are 

strictly connected to the micelle size and the glycosylation degree of the protein itself (Di 

Stasio and Mariani, 2000). Nevertheless, less-common CSN3 alleles might negatively affect 

milk rheological properties, too, as shown for CSN3*E and CSN3*G
1
 (reviewed in Caroli et 



al., 2009). The constant monitoring of milk protein variation in different breeds of cattle is an 

essential practice aiming to avoid an increase in frequencies of mutations with unfavorable 

effects on cheesemaking. Interactions of κ-CN with the other milk protein systems have to be 

taken into account, in particular, β-CN and β-LG. In general, CSN2*B and LGB*B were 

found to be more favorable for rennet coagulation and the cheesemaking quality of milk (Di 

Stasio and Mariani, 2000). 

Composite CN genotypes (Aleandri et al., 1990; Comin et al., 2008) and CN haplotypes 

(Nuyts-Petit et al., 1997) were also considered because of the tight genetic linkage among the 

CN genes. In Italian Holsteins, Comin et al. (2008) found CSN3 and CSN2 to be strongly 

associated with milk coagulation traits and milk and protein yields, respectively, and 

proposed the composite genotypes at both genes to be the most appropriate criterion for 

selection decisions. For coagulation time and curd firmness, the best CSN2-CSN3 composite 

genotypes were those with at least one B allele at both loci. Nuyts-Petit et al. (1997) 

compared the effects of 3 CSN1S1-CSN2-CSN3 haplotypes (B-B-B, B-A
2
-A, C-A

2
-B) on milk 

composition and cheese production aptitude in the Norman breed. The κ-CN proportion was 

greater in B-B-B and C-A
2
-B milks than in B-A

2
-A milk. The micelle size was greater for milk 

B-A
2
-A than for B-B-B and C-A

2
-B. The coagulation ability was lower for milk B-A

2
-A than 

for the other haplotypes. An increase in the cheese yield was found for cheese B-B-B mainly 

due to a better retention of fat in the curd. At the end of the 45-day ripening period, B-B-B 

cheeses were firmer, less elastic and more breakable than the other two haplotypes. 

Casein haplotype effects on productive traits have also been investigated on the basis of the 

whole CN complex. Lien et al. (1995) found a significant favorable effect of a paternal 

haplotype on milk protein yield in a Norwegian cattle family. This haplotype carries 

CSN1S1*C-CSN2*A
2
-CSN3*A as well as mutations in the noncoding regions of the last 2 

genes. The analysis of the effects of paternal haplotypes within 7 sires revealed the opposite 

effect of haplotypes for 2 sires for casein content (Braunschweig et al., 2000). The authors 

speculated that the κ-CN allele might be connected to different promoters or cis-acting 

regulatory sequences. Various significant effects have been observed by Boettcher et al. 

(2004), particularly for protein content in milk, in Italian Holstein and Brown Swiss cattle. 

Among the haplotypes, B-A
1
-B (in the order: CSN1S1-CSN2-CSN3) was associated with 

increased percentage of both fat and protein in Finnish Ayrshire (Ikonen et al., 2001) and 

Italian Holstein and Brown Swiss cattle but had negative effects on milk yield (Boettcher et 

al., 2004). The C-A
2
-B haplotype was associated with significantly decreased yield and 

increased concentration of protein, whereas, in general, haplotypes carrying the CSN3*B 

allele had positive effects on protein percentage relative to the corresponding haplotypes 

carrying CSN3*A. Heck et al. (2009) concluded that selection for CSN2-CSN3 haplotype A
2
-

B, together with LGB*B, would result in Dutch Holstein-Friesian cows that produce milk 

more suitable for cheesemaking. In their study they did not discriminate between CSN2*A
2 

and CSN2*I and therefore the effects of A
2
 are combined effects as CSN2*I is rather common 

in Holsteins (Jann et al., 2002). Nilsen et al. (2009) suggested separation of the CN cluster 

into 2 haplotype blocks, one consisting of CSN1S1, CSN2, and CSN1S2, and the other of 

CSN3. The authors found highly significant associations with both protein and milk yield 

within the CSN1S1-CSN2-CSN1S2 haplotype block in Norwegian Red cattle, whereas no 

significant association was found within the CSN3 block; the most significant effects 

involved C > A nt substitution in CSN2 codon 67 that results in the AA exchange Pro to His, 

with Pro67 associated with greater protein and milk yield. 



The effects of alleles or SNP within the CN cluster determined by different authors in 

different breeds are sometimes conflicting (Nilsen et al., 2009), similar to QTL scans of 

chromosome 6 (Olsen et al., 2005). An explanation of such inconsistent findings might be 

that the haplotype balances the constraints imposed by natural and/or artificial selection at 

the DNA region harboring the 4 CN genes, essential for both newborn cattle survival and 

breeding purposes. Several QTL affecting milk protein composition (casein, whey protein, 

and specific protein content) were found, with the most significant regions being on Bos 

taurus autosomes 6, 11, and 14 (Schopen et al., 2009). The future use of genomic selection in 

animal breeding will have to take into account information on particular “hot” zones of the 

animal genome, such as the CN cluster, where interactions among coding and noncoding nt 

can strongly influence the overall gene expression. The noncoding DNA variants are located 

in 5′-untranslated region including promoters, 3′-untranslated region, introns or intragenic 

regions, as well as intergenic regions. Important mutations were found in the noncoding 

sequences of milk protein genes, altering the specific protein expression, and therefore milk 

composition (reviewed in Caroli et al., 2009). Such variation involves CSN1S1*A, 

CSN1S1*G, Bov-A2 (second CSN3 intron), and different polymorphisms within CSN1S1, 

LBG and LAA promoters. Allele differential expressions might also be caused by gene 

duplication, as recently demonstrated for LAA in the buffalo species (Rullo et al., 2010). 

Milk protein variants and human nutrition 

The hypoallergenic properties of particular types of milk. The occurrence of alleles 

associated with faint content of bovine milk proteins might be exploited for the production of 

milk with particular nutritional qualities; that is, hypoallergenic properties. In this regard, the 

bovine CSN1S1*G (Rando et al., 1998) might be exploited for the production of milk with 

reduced expression of the specific protein. Besides selecting for milk with reduced content of 

a specific protein, another possibility for producing hypoallergenic milk could involve 

genetic differences among epitopes, which are short fragments widely spread throughout 

hydrophobic parts of the protein molecules. The genetic variation might affect the IgE-

binding epitope structure of milk proteins, and as a consequence, milk produced by different 

genotypes could give different allergenic reactions. Lisson and Erhardt (2008) demonstrated 

with an in silico study that different epitopes occurring at bovine milk proteins are modified 

within the genetic variants. Differences resulting from genetic variations were observed for 

CSN1S1*A and CSN1S1*C compared with CSN1S1*B, whereas 7 AA exchanges were found 

within 5 epitopes in 6 rare LGB variants, compared with LGB*B. 

 

Biopeptides. Milk proteins represent a reservoir for a wide variety of bioactive peptides, 

minor regulatory compounds with hormone-like activity, which could affect milk nutritional 

value (Meisel, 1998; Lorenzini et al., 2007). The biological activity of peptides released from 

milk protein digestion might be affected by AA exchanges or deletions resulting from gene 

mutations. As an example, variants CSN2*A
2
, A

3
, D, E, H

2
 and I differ from CSN2*A

1
, B, C, 

F and G (Table 1) for the presence of a proline instead of a histidine at position 67 of the 

mature protein. His67 determines the enzymatic cleavage of the peptide bond releasing β-

casomorphin-7, which has opioid properties. It has been suggested that consumption of milk 

from His67-carrying cows is positively and significantly correlated with diabetes incidence, 

risk of ischemic heart disease, sudden infant death syndrome, as well as the aggravation of 



symptoms associated with schizophrenia and autism (reviewed by Caroli et al., 2009). 

However, caution is needed because of conflicting results on the potential health effect of β-

casomorphins and related peptides recently highlighted in a European Food Safety Authority 

report (EFSA, 2009). In particular, a cause-effect relationship between the oral intake of β-

casomorphin-7 and etiology of any suggested diseases cannot be established, and 

consequently, a formal European Food Safety Authority risk assessment of food-derived 

peptides is not recommended. Moreover, Hernández-Ledesma et al. (2004) demonstrated the 

formation of an angiotensin-I-converting enzyme-inhibitory peptide specific to the bovine 

CSN2*A
1
 variant that is not present in other β-CN alleles. 

Investigations on other genetic polymorphisms potentially affecting milk protein peptides are 

scarce. Weimann et al. (2009) investigated peptides derived from the genetic variants 

CSN3*A, B, C, E, F
1
, F

2
, G

1
, G

2
, H, I for their antihypertensive activities. The AA sequences 

of the CSN3 variants were analyzed in silico to detect potential inhibitory peptides against 

angiotensin-I-converting enzyme. Some CSN3 variants carried the following exclusive 

peptides whose angiotensin-I-converting enzyme-inhibitory activity was determined: ASP 

(within CSN3*B), AHHP (CSN3*C), VSP (CSN3*F
1
), and ACHP (CSN3*G

2
). Tulipano et 

al. (2010) investigated the effects of 4 selected casein peptides on osteoblast mineralization 

in vitro. The peptides were related to different casein genetic variants, in particular CSN2*C 

and CSN1S2*C versus the other CSN2 and CSN1S2 variants, respectively. The authors 

suggested that the distinct peptides might differentially affect calcium deposition in the 

extracellular matrix and that the genetic variation is involved in their differential effect. More 

impulse is needed for this kind of investigations. 

 

Coevolution of bovine milk genetic variants and human lactose tolerance. A gene-

culture coevolution between cattle milk protein genes and human lactase genes has been 

recently highlighted (Beja-Pereira et al., 2003). Milk from domestic cows has been a 

valuable food source for over 8,000 yr, especially in lactose-tolerant human societies that 

have exploited dairy breeds. Some human populations (e.g., northern Europe) have the 

genetically determined ability to digest lactose by the action of persistent lactase enzyme in 

adulthood, thereby benefiting from the rich food resources in cows’ milk. The geographic 

patterns of the variation in genes encoding the 6 most important milk proteins were studied 

in 70 native European cattle breeds (Beja-Pereira et al., 2003). A substantial correspondence 

was found between high diversity in cattle milk genes, location of the European Neolithic 

cattle farming sites (>5,000 yr ago), and present-day lactose tolerance in Europeans. The 

authors proposed a gene-culture coevolution between the domestic cattle and human culture 

driven by the advantage conferred by milk consumption. This an impressive proof of the 

nonrandom occurrence of milk protein genetic variation over the ages. 

Conclusion 

The great variation highlighted in the genes, proteins, and peptides that are so important for 

dairy production is a crucial element in providing milk with different properties at the level 

of the protein system. This is important for technological use and nutraceutical value of dairy 

products. Designing milk with different protein structures appropriate for its specific use is 

becoming more and more feasible for dairy industry and is an important task for animal 

geneticists to improve finally the economic income of dairy farmers. 



Table 1: Distribution, evidence of detection by isoelectrofocusing (IEF) and amino acid 

variations of the 39 milk casein alleles in the Bos genusα 

α T = Bos taurus; I = Bos indicus; G = Bos grunniens; J = Bos javanicus; *** most common; ** common; * = less 

common; § = rare; CA = IEF with carrier ampholytes (Erhardt et al., 1998); ? non available or controversial 

information; --- = the amino acid sequence is not modified (see Caroli et al., 2009, for more details). 

Allele Distribution IEF Amino acid exchanges or deletions 
   shared with other alleles specific of this allele 

CSN1S1 B T, I, G
***

 CA   
 A T 

*
 CA  Deletion14-26 

 C All
 **

 CA Glu192Gly  
 D T * CA  Ala53ThrP 

 E G 
**

 CA Glu192Gly Gln59Lys 
 F T 

§
 CA  Ser

P
66Leu 

 G T 
*
  --- --- 

 H T 
§
   Deletion51-58 

 I T, I 
*
 CA  Glu84Asp 

CSN2 A
2
 All 

***
 CA   

 A
1
 T, I 

**
 CA Pro67His  

 A
3
 T, I 

*
 CA  His106Gln 

 B T, I 
**

 CA Pro67His Ser122Arg 

 C T * CA Pro67His SerP
35Ser;Glu37Lys 

 D I 
§
   Ser

P
18Lys 

 E T 
§
   Glu36Lys 

 F T §  Pro67His Pro152Leu 

 G T 
§
  Pro67His Pro137/138?Leu 

 H
1
 T 

§
  ?67 Arg23Cys;Leu88Ile 

 H
2
 T §  Met93Leu Gln72Glu 

 I T 
*
  Met93Leu  

CSN1S2 A All 
***

 CA   
 B I, T, G ** CA  Ser8Phe 

 C G 
§
   Glu33Gly;Ala47Thr;Thr130Ile 

 D T 
*
 CA  Deletion51-59 

CSN3 A T, I *** CA   

 A
1
 I, T 

*
  --- --- 

 B I, T 
***

 CA Thr136Ile;Asp148Ala  

 B
2
 T §  Thr136Ile;Asp148Ala Ile153Thr 

 C T 
*
 CA Arg97His;Thr136Ile;Asp148Ala  

 D T 
§
 CA Arg97His  

 E T * CA  Ser155Gly 

 F
1
 T 

§
   Asp148Val 

 F
2
 T 

§
 CA  Arg10His 

 G
1
 T § CA Thr135Ile Arg97Cys 

 G
2
 G 

**
  Asp148Ala  

 H I, T 
**

  Thr135Ile  

 I T x I §   Ser104Ala 

 J T 
§
  Thr136Ile;Asp148Ala Ser155Arg 



Table 2: Distribution, evidence of detection by isoelectrofocusing (IEF) and amino acid 

variations of the 14 whey protein alleles in the Bos genusα 

α T = Bos taurus; I = Bos indicus; G = Bos grunniens; J = Bos javanicus; *** most common; * = less common; § = rare; 

CA = IEF with carrier ampholytes (Erhardt et al., 1998); IPG = IEF in immobilized pH gradients (1Conti et al., 

1988; 2Krause et al., 1988); ? non available information; LGB*H: not completely verified. 
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