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ABSTRACT

The 6 main milk proteins in cattle are encoded by
highly polymorphic genes characterized by several non-
synonymous and synonymous mutations, with up to 47
protein variants identified. Such an extensive variation
was used for linkage analysis with the description of
the casein cluster more than 30 yr ago and has been
applied to animal breeding for several years. Casein
haplotype effects on productive traits have been in-
vestigated considering information on the whole casein
complex. Moreover, mutations within the noncoding
sequences have been shown to affect the specific protein
expression and, as a consequence, milk composition and
cheesemaking. Milk protein variants are also a useful
tool for breed characterization, diversity, and phyloge-
netic studies. In addition, they are involved in various
aspects of human nutrition. First, the occurrence of
alleles associated with a reduced content of different ca-
seins might be exploited for the production of milk with
particular nutritional qualities; that is, hypoallergenic
milk. On the other hand, the frequency of these alleles
can be decreased by selection of sires using simple DNA
tests, thereby increasing the casein content in milk used
for cheesemaking. Furthermore, the biological activity
of peptides released from milk protein digestion can be
affected by amino acid exchanges or deletions result-
ing from gene mutations. Finally, the gene-culture co-
evolution between cattle milk protein genes and human
lactase genes, which has been recently highlighted, is
impressive proof of the nonrandom occurrence of milk
protein genetic variation over the centuries.
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INTRODUCTION

More than 95% of the proteins contained in ruminant
milk are coded by 6 structural genes (Martin et al.,
2002; Figure 1). The 4 casein genes are 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). In physical order,
these genes are CSN1S1, CSN2, CSN1S2, and CSNS3
and encode ag-CN, 3-CN, aw-CN, and k-CN, respec-
tively. This gene cluster is also referred to as the CN
locus (Martin et al., 2002) or super locus (Freyer et al.,
1999). The 2 main whey proteins, a-LA and 3-LG, are
coded by LAA and LGB genes, mapped on chromo-
somes 5 (Hayes et al., 1993) and 11 (Hayes and Petit,
1993), respectively.

Among ruminants, milk protein genes have been thor-
oughly investigated in cattle and goats, and a noticeable
genetic variation has been identified and characterized.
The importance of such an extensive genetic variation
for animal breeding is mainly the consequence of the
effects of milk protein variants on milk composition
and cheesemaking properties (reviewed by Grosclaude,
1988; Di Stasio and Mariani, 2000; Martin et al., 2002).
These effects are related to functional modifications of
the protein, mainly AA exchanges or deletions, which
affect the biological properties of the coded protein.
In addition, milk protein variants were used for breed
characterization (Moazami-Goudarzi et al., 2001; Ceri-
otti et al., 2004a), biodiversity investigations (Lien et
al., 1999; Mahé et al., 1999), and evolution studies on
both animal resources and milk protein genes (Jann et
al., 2004; Theagha-Awemu et al., 2007). For such stud-
ies, an interesting approach is to consider the whole CN
haplotype instead of individual genes coding for the 4
caseins (Beja-Pereira et al., 2002).

In this review, we will concentrate our attention
on the bovine species, aiming both to emphasize the
pioneer work and exhaustive reviews that have already
been carried out on the subject in the past 30 yr and
to elucidate some of the main aspects affecting animal
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Figure 1. Structural organization of the transcription units encoding the 6 main milk proteins. Caseins: a,-CN (CSN1S1), 3-CN (CSN2),
ao-CN (CSN152), and k-CN (CSN3). Whey proteins: a-LA (LAA) and 3-LG (LGB). A) Genomic organization of the bovine casein locus. B)
Structural organization of the 6 milk protein transcription units. Open bars represent introns; exons are depicted by large, gray (5" and 3’ un-
translated regions), black (part of exon encoding the signal peptide), and colored (exons and part of exons encoding matured proteins) boxes.
Size of exons is given, in base pairs, under each exon with its number indicated on the top (modified from Martin et al., 2002).

breeding and human nutrition, with special focus on
innovative scientific approaches.

BOVINE MILK PROTEIN VARIANTS

Studies on milk protein genetic variability started
more than 50 yr ago by detecting bovine 3-LG main vari-
ants (Aschaffenburg and Drewry, 1957) and intensified
during the following years, discovering polymorphisms
with important differences among bovine species and
breeds (reviewed by Formaggioni et al., 1999). Genetic
variants can result from SNP, as well as nucleotide (nt)
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deletions or insertions. A recent review of milk protein
nomenclature (Farrell et al., 2004) indicated 8 oy -CN
(A7 Ba Cv D7 E7 F7 G7 H)v 4 OLsTCN (A7 B7 C7 D)7 12
B-CN (A, A*, A’ B, C, D, E, F, G, H', H’, I), 11
k-CN (A, B, C, E, F', F°, G', G°, H, I, J), 11 3-LG (4,
B, C, D, E F, G, H I J, W), and 3 o-LA (4, 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 of Bali). Only protein polymor-
phisms are considered in this review, namely mutations
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modifying the AA sequence of the coded protein, with
the exception of CSN1S1*G differing from CSN1S1*B
for a lower protein expression (Rando et al., 1998).

In addition to the review by Farrell et al. (2004), a
novel a4-CN protein variant, named CSN1S1*I, was
recently characterized (Liihken et al., 2009). An A > T
SNP substitution in exon 11 leads to the substitution
Glu > Asp at AA position 84 of the mature protein.
Liithken et al. (2009) postulated that CSN1S1*I origi-
nated within Bos indicus and spread to Bos taurus sub-
sequently. Thus, the number of ag-CN protein variants
increases to 9. The characterization of ae,-CN*B has
also been performed, and a C > T exchange has been
identified in the 17th nt of exon 3, leading to the Ser >
Phe substitution in the eighth amino acid of the mature
protein (Ibeagha-Awemu et al., 2007).

As for CSN3, the B° variant characterized by
Gorodetskii and Kaledin (1987) can be added to the
list of Farrell et al. (2004). This variant is available on
Swiss-Prot (no. P02668). More details on CSN3*C and
CSN8*G”, as per nomenclature of Farrell et al. (2004),
are given in the following.

Conflicting data have been reported about CSN3*C,
which was first described in the Grey Alpine (Di Stasio
and Merlin, 1979) as a variant migrating faster than
CSN3*A by alkaline electrophoresis. Mariani (1983)
found a similar migrating variant in the Italian Brown
and suggested it was the same as that in the Grey Alpine.
However, no characterization of the variant was carried
out in either breed. Later, Seibert et al. (1987) named
CSN3*D, a variant migrating in the same position as
CSN3*A by alkaline electrophoresis but showing an in-
termediate position between CSN3*A and CSN3*B by
isoelectrofocusing (IEF). The correspondence of such
a variant with CSN3*C was shown by IEF (Krause et
al., 1988); thus, CSN8*D disappeared from cattle milk
protein nomenclature, not taking into account the dif-
ferent migration observed by alkaline electrophoresis.
Miranda et al. (1993), following the new nomenclature,
characterized CSN3*C, namely the old CSN3*D, as a
counterpart of CSN3*B. An unassigned CSNS sequence
DNA (GenBank No. AJ619772) demonstrates the ex-
istence of a variant carrying Hisy;, as CSN3*C does,
that is identical to CSN3*A at the other positions. The
variant was found in Italian Brown cattle and migrated
by alkaline gel faster than CSN3*A but at an interme-
diate position between A and B by IEF (A. M. Caroli;
unpublished results). These data clearly indicate the
existence of 2 variants carrying Hisg;, which are the
counterparts of CSN3*B and CSN3*A, respectively. We
would propose to maintain the name CSN3*C for the
former and to give the latter the name CSN3*D, which
is actually missing in the Bos genus nomenclature.
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The CSN3*G® variant, first described in the yak by
Sulimova et al. (1996), was recently confirmed by Prin-
zenberg et al. (2008) in the same species in which at
least 2 yak-specific DNA sequences were found. All yak
had nt sequences coding for Thr in AA position 136
(identical to bovine CSN3*A) and Ala in position 148
(identical to bovine CSN3*B). A 12-bp insertion in the
coding region, representing a repeated nt and A A motif,
was found in one allele, as well as differences in the stop
codon sequences. The loss of the insertion might have
led to the ancestral CSN3 allele from which all currently
known variants of CSNS in the Bos genus evolved. In
Bos taurus, a further CSNS3 allele was found that coded
for Thryss and Alayug (Chessa et al., 2007). This vari-
ant, which can be considered to be the wild type for
the Bos genus, was tentatively named CSN3*W. The
exact correspondence with CSN3*G” should be verified
for the synonymous variations identified in the yak. In
addition, Chen et al. (2008) found a CSNS3 intragenic
haplotype in the gayal (Bos frontalis) and zebu, differ-
ing from CSN3*B for the occurrence of Thryy, instead
of Ile;3s and showing a close phylogenetic relationship
with the banteng, gaur, and yak. In the latter, a G >
C SNP substitution resulting in an AA substitution
from Args to Pro;s; of the mature protein was also
found (Bai et al., 2008). These data highlight the pos-
sible need to introduce separate nomenclature for milk
protein variants, which can differ greatly among species
within the Bos genus.

GENOTYPING SYSTEMS

Genetic variation can be detected at the phenotypic
level by different protein identification techniques (i.e.,
electrophoresis, IEF, chromatography). The electropho-
retic and isoelectrophoretic techniques, mainly used for
routine typing at the protein level, only allow detection
of genetic variation resulting in different electrophoretic
or isoelectrophoretic mobility, such as AA exchanges al-
tering the electric charge or the isoelectric point of the
protein. For the screening of breeds and populations
at the phenotypic level, IEF is still the most effective
method and should be recommended for typing animals
reared on continents where breed characterization us-
ing milk protein genes is still limited (e.g., Africa and
Asia). For biodiversity studies, and if milk is available,
typing at the protein level by IEF is recommended in-
stead 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 (Erhardt and Eggen, 1990).
After this phenotypic screening, more detailed studies
might be carried out at the DNA level for a wider scan
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Table 1. Position within the gene and mature protein of the CSN1S1 genetic variants in Bos genus®

CSN1S1 variant

Gene, Protein B A C E F G H 1
14891-14929

14-26 Del.?

17383 GCC ACC

53 Ala ThrP

17377-17400

51-58 Del.

18901 CAA AAA

59 Gln Lys

18923 TCG TTG

66 SerP Leu

19836 GAA GAT
84 Glu Asp
26181 GAA GGA GGA

192 Glu Gly Gly

'The reference sequence is GenBank No. X59856, corresponding to the C'SN1S1#*B allele. Nonsynonymous mutations are bolded within each

codon. CSN1S51*E was found only in Bos grunniens.
"Del. = Deleted.

of the chromosome regions coding for the respective
milk proteins.

Certainly, DNA analysis has given a new impulse to
investigations of bovine milk protein polymorphisms,
allowing the identification of known protein variants
at the genome level by different techniques, such as
PCR-RFLP for CSN3 (Damiani et al., 1990) and LGB
typing (Medrano and Aguilar-Cordova, 1990), direct
sequencing for CSN3 (Schlieben et al., 1991), allele-
specific-PCR for CSN2 (Damiani et al., 1992) and
CSN1S1 (David and Deutch, 1992), and PCR-single-
strand conformation polymorphism for CSN2 (Barroso
et al., 1999) and CSN1S1 typing (Jann et al., 2002a).
In addition, further nt mutations were identified at
the DNA level that either modify the protein sequence
(i.e., CSN2*I; Jann et al., 2002b), or result in syn-
onymous protein variants because the nt substitution
within the codon does not modify the correspondent
AA. This is the case with CSN3*A1 (Damiani et al.,
1990) and CSN3*A" (Prinzenberg et al., 1999), both
sharing the protein sequence with CSN3*A, as well as
CSN2*A”(Ceriotti et al., 2004a), which codes for the
same protein as CSN2*A” Tables 1, 2, 3, 4, 5, and 6
show the main milk protein variants that have been
identified, using the nomenclature proposed by Farrell
et al. (2004) and including the synonymous variant
CSN3*A’ because of its presence in many Bos indicus
breeds (Jann et al., 2004). Table 7 combines the avail-
able information on the distribution and discovery of
the genetic variants reported. Although the number of
genetic variants identified and characterized in the Bos
genus is very large, only a few variants (12 of 53) are
widely distributed in Bos taurus and Bos indicus, 34
are less common or rare in these 2 species, and 7 occur
only in Bos grunniens and/or Bos javanicus. This can
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set the priority of typing particular alleles based on the
species and breed of interest.

Typing at the DNA level does not require the gene
product, which renders feasible the genotyping of males
and nonlactating females. Nevertheless, DNA extracted
from milk somatic cells can also be used for the molecu-
lar analyses (Chessa et al., 2007), taking advantage of
easier sampling of cows recorded for milk production.

Milk protein polymorphisms can provide useful in-
formation for identity control within official milk re-
cording systems by analyzing individual milk by IEF
(Erhardt and Senft, 1991). They can also be used as
genetic markers for parentage testing. For the latter,
application of high-throughput assays such as the mi-
croarray technology (Chessa et al., 2007) can lead to
wide-scale animal genotyping at several SNP within the
milk protein genes. In addition, the possibility of using
particular milk protein variants to trace the origin of
typical products derived from local breeds could be fur-
ther investigated in light of encouraging results already
obtained in goats (Ceriotti et al., 2004b).

MILK PROTEIN VARIANTS
AND CHEESEMAKING PROPERTIES

One of the most striking effects of the milk protein
polymorphisms on traits with economic interest is their
relation with cheesemaking properties of milk; this ef-
fect has been mainly investigated in cattle (reviewed by
Di Stasio and Mariani, 2000). Studies were conducted
in Italy in the 1970s (i.e., Losi et al., 1973; Mariani
et al., 1976), many of them focusing on the effects of
k-CN on the rheological quality of milk. The k-CN,
located predominantly on the casein micelle surface, is
the specific substrate of the chymosin, the hydrolytic
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Table 2. Position within the gene and mature protein of the CSN2 genetic variants in Bos genus'

CSN2 variant®
Gene, Protein Al A? A7 B c D E F G H H I
46474648 AGC 7
18 SerP Lys
6562 CGC TGC
25 Arg Cys
6684-6686 AGT AGT
35 SerP Ser
6687 GAG AAG
36 Glu Lys
6690 GAA AAA
37 Glu Lys
8101 CAT CCT CCT CCT CCT ? CcCT CcCT
67 His Pro Pro Pro Pro ? Pro Pro
8115 CAA GAA
72 Gln Glu
8163 CTT ATT
88 Leu Ile
8178 ATG CTG CTG
93 Met, Leu Leu
8219 CAC CAA
106 His Gln
8267 AGC AGG
122 Ser Arg
8311-8314" ‘ !
137-138" Pro Leu
8356 CCT CTT
152 Pro Leu
77 7?7 77
7? Gln Glu

'The reference sequence is GenBank No. X14711, corresponding to the CSN2*A" allele. Nonsynonymous mutations are bolded within each codon.
CSN2*D was found only in Bos indicus.

*H' = H of Han et al. (2000); H* = H of Senocq et al. (2002).

37 = Information not available.

1At position 137-138, a Pro—Leu inversion is controversial depending on the sequences (Farrell et al., 2004).
577 = Substitution of GIn to Glu is described between residues 114-169 (Senocq et al., 2002).

Table 3. Position within the gene and mature protein of the CSN1S2 genetic variants in Bos genus’

CSN152 variant
Gene, Protein A B C D
6227 TCC TTC
8 Ser Phe
7568 GAG GGG
33 Glu Gly
8401 GCA ACA
47 Ala Thr
88538879
51-59 Del.?
8879 GAG GAT
59 Glu (Asp)-*
11018 ACC ATC
130 Thr Ile

"The reference sequence is GenBank No. M94327, corresponding to the CSN1S2*A allele. Nonsynonymous
mutations are bolded within each codon. CSN152*C was found only in Bos grunniens.
“Del. = Deleted.

% = Deleted within the protein, but the gene sequence changed.
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activity of which splits the k-CN into the insoluble
para-k-CN (amino acid 1-105) and the soluble caseino-
macropeptide (CMP: amino acid 106-171). This is a
crucial process for the production of cheese but also for
the nutrition of suckling calves (Mercier et al., 1973).
Important physiological functions such as increasing
digestion efficiency (Mercier et al., 1976) and antibac-
terial activity (Malkoski et al., 2001) were ascribed in
particular to CMP.

It is well known that milk with the CSN&*B variant
reacts more promptly with rennet and has a rennet
coagulation time significantly shorter than milk with
CSNS3*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 CSNF*A and CSNF*B are strictly connected
to the micelle size and the glycosylation degree of the
protein itself (Di Stasio and Mariani, 2000). Never-
theless, less-common CSNS alleles might affect milk
rheological properties, too. 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

CAROLI ETAL.

cheesemaking. An example of a rare allele with a nega-
tive effect on rheological traits is CSN3*@G, identified in
the Pinzgauer breed and associated with more unfavor-
able coagulation properties than CSN3*A (Erhardt et
al., 1997). Similarly, in the Ttalian Friesian, a negative
effect of the CSN3*F variant was detected on milk clot-
ting traits (Caroli et al., 2000). Although x-CN is a
crucial element in renneting, interactions with the other
milk protein systems have to be taken into account, in
particular, 3-CN and 3-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) were also
considered because of the tight genetic linkage among
the CN genes. In Italian Holsteins, Comin et al. (2008)
found CSN3 and CSNZ2 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 firm-
ness, the best CSN2-CSN3 composite genotypes were
those with at least one B allele at both loci.

Table 4. Position within the gene and mature protein of the CSN3 genetic variants in Bos genus'

CSN3 variant®
Gene, Protein A Al B B’ c D E F! F G’ G’ H I J
12690 CGC CAC
10 Arg His
12940 ACT ACC
93 Thr Thr
12950 CGT TGT
97 Arg Cys
12951 CGT CAT CAT
97 Arg His His
12971 TCA GCA
104 Ser Ala
13065 ACC ATC ATC
135 Thr Ile Ile
13068 ACC ATC ATC ATC ATC
136 Thr Ile Ile Ile Ile
13096 ACT ACG
145 Thr
13104 GAT GCT GCT GCT GTT GCT GCT
148 Asp Ala Ala Ala Val Ala Ala
13111 CCA CcCa
150 Pro
13119 ATT ACT
153 Ile Thr
13124 AGC GGC 7
155 Ser Gly Arg
13162 ACT ACC ACC
167 Thr
13165 GCA GCG GCG GCG ? GCG
168 Ala

'The reference sequence is GenBank No. AY380228, corresponding to the CSN3*4 allele. Nonsynonymous and synonymous mutations are re-

spectively bolded and in italics within each codon.

’F' = F of Sulimova et al. (1992); F* = F of Prinzenberg et al. (1996), GenBank no. AF123250; G' = G of Erhardt (1996), Prinzenberg et al.
(1996), GenBank no. AF123251; G* = @ of Sulimova et al. (1996); D = GenBank No. AJ619772.

37 = Information not available.
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MILK PROTEIN EVOLUTION

Interspecies comparisons of cDNA and milk protein
genes have confirmed their high rate of evolution, but
the overall gene organization has been conserved (Mer-
cier and Vilotte, 1993). The CN genes appear to be a
rapidly evolving family, presumably because of mini-
mal structural requirements for function (Bonsing and
Mackinlay, 1987). Sequence alignments of CN genes
from various species reveal evidence of a high mutation
rate including insertions, deletions, and sequence rear-
rangements (Bawden and Nicholas, 1999). Neverthe-
less, comparative analysis of CN genomic sequences of
human, rodent, and cattle shows that the organization
and orientation of the genes is greatly conserved, and
the molecular diversity of the CN genes is achieved
through variable use of exons in different species and
great evolutionary divergence (Rijnkels, 2002). Nutri-
tionally, caseins provide the suckling neonate with a
source of amino acids, highly bioavailable calcium, and
potential bioactive peptides (i.e., antimicrobial, im-
mune modulating).

Interspecies comparisons demonstrated that CSNS&
possesses the greatest degree of conservation among
the CN genes, which might be related to its essen-
tial function of CN micelle stabilizer (Alexander et
al., 1988). Investigation at the DNA level allows the
comparison between synonymous and nonsynonymous
mutations. Gatesy et al. (1996) compared CSN3 exon
IV of 21 mammalian taxa and reported similar rates
for synonymous and nonsynonymous substitutions per
site, with the divergence at each codon position being
roughly equivalent. This pattern of divergence at CSN3
was interpreted by the authors as supporting a strictly
neutral model of evolution for this gene. In contrast
with a neutral evolution model, Ward et al. (1997) re-
ported strong positive selection on the CMP between
distantly related bovid taxa, leading to an accelerated
divergence of this peptide within a 34-codon region. In
closely related species, this pattern was not observed.
Consequently, the authors predicted less polymorphism
of CMP within species and more extensive polymor-
phism between species.

The availability of the Bos taurus genome sequence
assembly marks the beginning of a new era for the
study of milk and mammary biology. Using this as-
sembly, Lemay et al. (2009) identified 197 unique milk
protein genes and found the genes encoding milk com-
ponents and other genes expressed in the mammary
gland to be under more stringent selection constraints
(negative selection) compared with the rest of the ge-
nome, aiming to maximize the survival of both mother
and offspring. This highlights the importance of milk in
mammalian evolution. Evidence of positive selection,
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Table 5. Position within the gene and mature protein of the LAA
genetic variants in Bos genus®

LAA variants

Gene, Protein B A C
851 CGG CAG

10 Arg His

72 ? ?

? Asp? Asn?

'The reference sequence is GenBank No. X06366, corresponding to
LAA*B. LAA*C was found only in Bos javanicus.

?? = The C variant was reported to differ from B by having either an
Asn-for-Asp or a Gln-for-Glu substitution (Bell et al., 1981).

even if not significantly different under the likelihood
ratio test, was found for CSN2 and CSN3 (Lemay et
al., 2009). The authors concluded that the requirement
that the entire gene show statistical evidence of posi-
tive selection might be too stringent and further site-
specific evolutionary analysis of the casein genes might
be warranted. Thus, the debate on the evolution model
of CSNS still needs further investigations in light of the
more recent molecular knowledge.

This type of research is indeed very attractive be-
cause the main interest in milk protein polymorphism
studies is to understand the biological significance of
the genetic variation, which can be highlighted by evo-
lutionary studies.

THE CN HAPLOTYPE AND SIRE SELECTION

As already mentioned, knowledge of CN gene varia-
tion at the haplotype level has been a useful tool in
biodiversity studies. As an example, the comparison of
African Bos taurus and Bos indicus breeds allowed the
identification of several Bos indicus—specific haplotypes
(CSN1S1*C-CSN2*A*-CSN3*A" | CSN3*H) that were
not found in pure taurine breeds. The occurrence of
such haplotypes in southern European breeds suggested
that an introgression of indicine genes into taurine
breeds could have contributed to the distribution of the
genetic variation observed (Jann et al., 2004).

Casein haplotype effects on productive traits have
also been investigated, considering information on the
whole CN complex. The latter approach is recommend-
ed for both research and breeding purposes, possibly
taking into account all CN variants, as well as other
important polymorphisms in the noncoding regions.
Instead of analyzing effects of single alleles, a series of
studies has focused on the estimation of CN haplotype
effects, as discussed in the following.

Lien et al. (1995) considered other sites of polymor-
phism within the CN area of chromosome 6 and found
a significant favorable effect of a paternal haplotype on

Journal of Dairy Science Vol. 92 No. 11, 2009
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Table 6. Position within the gene and mature protein of the LGB genetic variants in Bos genus'

LGB variant
Gene, Protein B A C D E F G H I J w
3065 GAG CAG?
45 Glu Gln
3080 CCT TCT?
50 Pro Ser
3098 ATC cTC?
56 Ile Leu
3109 CAG CAT
59 Gln His
3982 AAC  AAT 73 ? ? ? ? ? ?
63 Asn
3984 GGT  GAT GAT
64 Gly Asp Asp
4003 AAG AA?
70 Lys Asn
4027 ATC ATG
78 Ile Met
5174 AAT  AAC ? ? ? ? ? ? ? ? ?
88 Asn
5233 GAG GGG?
108 Glu Gly
5263 GCC @TC GTC?
118 Ala Val Val
5962 CCG CTG?
126 Pro Leu
5970 GAC TAC?
129 Asp Tyr
6280 GAG GGG? GGG* GGGE?
158 Glu Gly Gly Gly

'The reference variant is LGB*B (GenBank No. X14710). Nonsynonymous and synonymous mutations are respectively bolded and in italics
within each codon. LGB*E was found in Bos grunniens and Bos javanicus, LGB*F and LGB*G only in Bos javanicus.

*The most probable codon is reported, considering that only one SNP occurred within the triplet.

37 = Information not available.

milk protein yield in a Norwegian cattle family. This
haplotype was named C-A5-16-A because it carries,
in addition to CSN1S1*C, the CSN2*A” allele, which
shows a silent C > T mutation in codon 110, the mature
protein not being different from CSN2*A” (Lien and
Rogne, 1993). This haplotype also carries a microsatel-
lite in CSNS intron 3 with 16 repeats instead of 14, as
well as allele CSN3*A.

The analysis of the effects of paternal haplotypes
within sires revealed the opposite effect of haplotypes
for 2 of the 7 sires for casein content (Braunschweig et
al., 2000). This inconsistency gave rise to speculation
that the k-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
Ttalian Holstein and Brown breeds, in agreement with
previous scans of chromosome 6 (Kithn et al., 1999;
Velmala et al., 1999). Among the haplotypes, B-A'-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 Hol-
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stein and Brown cattle but had negative effects on milk
yield (Boettcher et al., 2004). The C-A*-B haplotype
was associated with significantly decreased yield and
increased concentration of protein, whereas, in general,
haplotypes carrying the CSN3*B allele had positive ef-
fects on protein percentage relative to the corresponding
haplotypes carrying CSN3*A (Boettcher et al., 2004).
In a recent investigation of the Dutch Holstein-Friesian
population, Heck et al. (2009) concluded that selection
for CSN2-CSN3 haplotype A*-B, together with LGB*B,
would result in cows that produce milk more suitable
for cheesemaking.

The main problems in comparing research studies
considering haplotypes are i) the different points of mu-
tations used for constructing the casein haplotype and
ii) difficulties in reconstructing the exact haplotypes
carried by each animal. Besides the genotype of the
animals at the single polymorphism of interest, both
pedigree information and parent typing at the same
polymorphisms should be available for an accurate
diagnosis, mainly if several mutations are considered
within the CN region. In all cases, correlations among
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Table 7. Distribution and discovery year of the milk protein variants reported in Tables 1-6"
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Allele? Diffusion Species® Breeds® Year
CSN1S1 A Rather common T Holstein-Friesian, Red Danish, German Red, Kostroma, other Friesian 1962
B Most common T,I, G All breeds 1962
C Common All All breeds; very common in Bos indicus breeds 1962
D Rather common T Flamande, Red Danish, Red Polish, Jersey, Italian Brown, German Holstein, etc. 1966
E Common G 1974
F Rare T German Black and White, Italian Brown, Ayrshire, etc. 1992
G Rather common T Italian Brown, Podolian, other Italian breeds, Carora 1992
H Rare T Kuri 1992
1 Rather common T, 1 Carora, Turkish Red Steppe, Banyo Gudali, etc. 2002
CSN2 Al Common T, 1 Most breeds 1966
A? Most common All All breeds 1966
A7 Rather common T, 1 Holstein-Friesian, Jersey, Simmental, Sahiwal, German Red Pied, etc. 1966
B Common T, 1 Most taurus breeds, Hariana, Choa 1961
B Rare T Russian cattle 1986
C Rather common T Guernsey, Reggiana, Pinzgauer, Italian Brown, Piemontese, etc. 1961
D Rare I Indian Deshi, East African Boran 1968
E Rare T Piemontese 1972
F Rare T Meuse-Rhine-Yssel 1991
G Rare T Holstein-Friesian 1997
H' Rare T Korean cattle 1983
H Rare T Normande 2002
1 Rather common T Italian Red Pied, Italian Holstein, German Holstein, Belgian Blue, Jersey, etc. 2002
CSN152 A Most common All All breeds 1976
B Common I, T, G All Bos indicus breeds, Turkish Gray Steppe, Namchi, Anatolian Black, etc. 1976
C Rare G Mongolia breeds 1976
D Rather common T Montbéliarde, Vosgienne, German Yellow and Simmental, Menorquina, Ayrshire 1976
CSN3 A Most common T, 1 All breeds 1964
Al Rather common® LT Boran, Brahman, Nelore, Santa Gertrudis, etc. 1999
B Most, common I, T All breeds 1964
C Rather common T Grey Alpine, Italian Brown, German Simmental, Menorquina, etc. 1978
D Rare® T Italian Brown 1978
E Rather common T Angler, German Black and White, Holstein-Friesian, Ayrshire 1989
F! Rare T Yakut 1992
F* Rare T Finnish Ayrshire 1996
G’ Rare T Pinzgauer 1996
G’ Common’ G 1996
H Common® I, T Madagascar zebu, White Fulani, Wadara, Red Bororo, N’'Dama, Pinzgauer 1974
I Rare TxI Namibia 1998
J Rare T Ivory Coast, Burkina Faso 1999
LAA A Rather common I, T All indicus and some taurus breeds 1958
B Most common T,1, G All breeds 1958
C Rare J Australia breeds 1981
LGB A Most common T,1, G All breeds 1955
B Most common T,I, G All breeds 1955
C Rather common T Jersey 1962
D Rather common T Montbéliarde, German Holstein, German Simmental, etc. 1966
E Most common G, J Nepal grunniens, Australia javanicus 1976
F Rare J 1981
G Rare J 1981
H Rare T Ttalian Friesian 1987
I Rare T Polish Red 1998
J Rare T Hungarian Grey 1993
w Rare T Murnau-Werdenfelser, Jersey, Red Holstein x Simmental 1980

Tnformation is taken from the survey by Formaggioni et al. (1999) and from Boettcher et al. (2004), Jann et al. (2004), Ibeagha-Awemu et al.
(2007), and Caroli et al. (2008).

*Superscripts indicate different variants.

*T = Bos taurus; I = Bos indicus; G = Bos grunniens; J = Bos javanicus.
*When a list of breeds is reported, the first breed is the one in which the allele was first identified.

5 . . . . . . 5 . . .
"Rather high frequencies in some Bos indicus breeds; also found in Boran x N’Dama, Friesian x Sahiwal crosses.

Depending on the exact molecular characterization of the allele, it could be more common (see text).

"Other variants were recently identified in Bos grunniens (see text), and more details about their distribution are needed.

*Mainly in Bos indicus.
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breeds tended to be high and positive, indicating that
haplotypes had similar effects in the different breeds
and suggesting that the CN genes themselves were re-
sponsible for the haplotype effects observed, rather than
genes physically linked to the CN complex (Boettcher
et al., 2004).

Nilsen et al. (2009) recently constructed a high-reso-
lution SNP map of the bovine CN region to study as-
sociations with milk traits in Norwegian Red cattle and
suggested separation of the CN cluster into 2 haplotype
blocks, one consisting of CSN1S1, CSN2, and CSN152,
and the other of C'SNS. Highly significant associations
with both protein and milk yield were found within the
CSN151-CSN2-CSN1S52 haplotype block. In contrast,
no significant association was found within the CSNS3
block. The authors pointed toward CSN2 and CSN152
as the most likely genes harboring the underlying
causative DNA variation. The most significant results
involved the CSN2_67 SNP, a C > A nt substitution
in codon 67 that results in the AA exchange Pro to
His, with C being consistently associated with greater
protein and milk yield. Of the 12 CSN2 variants (Table
2), A nt occurs in CSN2*A' CSN2*B, CSN2*C, and
the less common CSN2*F and CSN2*G within a triplet
coding for Hisg; in the mature protein, whereas C nt
occurs in CSN2*A” CSN2*A’, and in the other CSN2
variants, resulting in Prog;.

This short overview of the CN cluster confirms the
importance of taking the whole haplotype into account
for breeding strategies. 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 (Ol-
sen et al., 2005). An explanation of such inconsistent
findings might be that the haplotype balances, in some
still unknown way, the constraints imposed by natural
and/or artificial selection at the DNA region harboring
the 4 CN genes, which are essential for both newborn
cattle survival and breeding purposes. Recently, several
QTL affecting milk protein composition (casein, whey
protein, and specific protein content) were found, with
the most significant regions being on Bos taurus auto-
somes 6, 11, and 14 (Schopen et al., 2009). The future
use of genomic selection in animal breeding will have
to take into account not only single SNP information
but also particular “hot” zones of the animal genome,
such as the CN cluster, where interactions among cod-
ing and noncoding nt can strongly influence the overall
gene expression.

NONCODING POLYMORPHISMS

The so-called noncoding DNA variants are located in
the noncoding regions of genes (5-untranslated region
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including promoters, 3'-untranslated region, and introns
or intragenic regions), as well as intergenic regions, and
some of them have significant associations with produc-
tion traits (Ibeagha-Awemu et al., 2008).

The noncoding sequences of milk protein genes have
been intensively investigated. Important mutations
altering the specific protein expression, and therefore
milk composition, were found. Intronic mutations might
affect splice sites and, consequently, mRNA stability
and lead to truncated protein products or even lack of
them. In bovine CSN1S1*A, an SNP at position +6 in
the splice donor sequence of exon 4 results in upstream
exon skipping during pre-mRNA processing, with re-
duced ay-CN expression (Mohr et al., 1994).

The bovine CSN1S51*G allele, associated with lower
proportion of ag-CN in milk, is characterized by a 371
insertion in noncoding exon 19 (Rando et al., 1998). The
smaller amount of og-CN associated with CSN1S1*G
can be explained by a reduced mRNA stability result-
ing from the insertion, which has a high homology with
relics of long interspersed elements of retropositional
origin. An SNP within a short interspersed nt element
Bov-A2 was described by Damiani et al. (2000b) in
the second intron of CSNS& and found to be in linkage
disequilibrium with the k-CN protein variants (Dami-
ani et al., 2000a) and also associated with several milk
production traits (Damiani et al., 2001).

Polymorphisms of the CSN1SI promoter have re-
vealed significant associations with milk protein con-
tent (Prinzenberg et al., 2003). Thus, the CN cluster
polymorphism has to be considered as a whole complex
in which expression sequence polymorphisms could help
explain the productive implications of the different CN
loci and their corresponding haplotypes.

Examples of noncoding variants are also known to af-
fect whey proteins. In numerous studies, starting from
Cerbulis and Farrell (1975), a greater protein expres-
sion level of the 3-LG A variant compared with the
B variant has been reported. Two SNP lead to AA
changes and are the causal genetic polymorphisms of
the protein variants 3-LG A and 3-LG B respectively
coded by LGB*A and LGB*B. The functional reason for
differences in expression between the 2 alleles has been
investigated by several authors. Wagner et al. (1994)
described 14 SNP in the 5'-flanking region and 2 SNP
in the 5-untranslated region of LGB. Lum et al. (1997)
found 10 polymorphic sites distinguishing LGB*A and
LGB*B promoters, one of which, a G > C transversion
at position —430, is located within a consensus binding
site for activator protein-2. The differential affinity of
activator protein-2 to LGB*A and LGB*B promoters
has been demonstrated in vitro, being 60% greater
for the activator protein-2 recognition site of LGB*A
(Lum et al., 1997). Folch et al. (1999) confirmed the
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Figure 2a. Alignment of the sequences of Bos taurus (BT), Capra hircus (CH), and Ouvis aries (OA) casein genes (lines 1, 3, and 5) and pre-
protein (lines 2, 4, and 6). The positions above the first line refer to the protein, starting from the signal peptide (indicated as negative values)
to the first AA of the mature protein (+01). Highlighted in yellow: nucleotides and AA differing in Capra hircus and/or Ovis aries with respect
to Bos taurus; in blue: nucleotide and/or AA in which intraspecies genetic variations occur; in green: both interspecific and intraspecific variation
occur; in gray: missing or conflicting data (AA 141-148 are not available in the ovine reference sequence; AA —9 is not clearly defined from the
ovine nucleotide sequence; AA 137 is a controversial inversion with AA 138 in the bovine CSN2 sequence, see Table 2). Nucleotides affected by
interspecific or intraspecific variation are bolded and in italics. CSN1S1 = a4 -CN gene; CSN1S2 = a,»-CN gene.
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Figure 2b. Alignment of the sequences of Bos taurus (BT), Capra hircus (CH), and Ovis aries (OA) casein genes (lines 1, 3, and 5) and pre-
protein (lines 2, 4, and 6). The positions above the first line refer to the protein, starting from the signal peptide (indicated as negative values)
to the first AA of the mature protein (+01). Highlighted in yellow: nucleotides and AA differing in Capra hircus and/or Ovis aries with respect
to Bos taurus; in blue: nucleotide and/or AA in which intraspecies genetic variations occur; in green: both interspecific and intraspecific variation
occur; in gray: missing or conflicting data (AA 141-148 are not available in the ovine reference sequence; AA —9 is not clearly defined from the
ovine nucleotide sequence; AA 137 is a controversial inversion with AA 138 in the bovine CSN2 sequence, see Table 2). Nucleotides affected by
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differential transcription activity controlled by f-LG A
and B-specific promoters, with a 57 and 43% level of
expression for LGB*A and LGB*B promoters, respec-
tively.

More recently, Ganai et al. (2008) detected 50 poly-
morphisms in the coding, intron, and promoter regions
of bovine LGB gene, of which 33 had not been described
before. The authors concentrated their attention on 8
polymorphisms not in complete linkage disequilibrium
with 3-LG A and B. One of them (g.-731G > A) had a
significant effect on 3-LG, the A nt reducing the rela-
tive B-LG concentration in animals homozygous for the
LGB*A variant.

In addition, an extremely weak 3-LG B variant band
has been observed in Brown Swiss cattle, and the puta-
tive responsible allele was named 3-LG B* (Kim et al.,
1996). The C > A SNP at position 215 bp upstream of
the translation initiation site (g.-215C > A) was found
to be associated with an abnormally reduced expression
of 3-LG characterizing this variant (Braunschweig and
Leeb, 2006).

As far as LAA is concerned, Bleck and Bremel
(1993a) identified 3 SNP in Holstein-Friesian within the
5'-flanking region at positions +15, +21, and +54 from
the mRNA transcription starting point. The +15 and
+21 SNP were in the 5'-untranslated region, whereas
the +54 SNP was a silent mutation in the coding re-
gion. An A > G SNP differentiated LAA(+15)*A from
LAA(4+15)*B. The former allele was associated with
greater milk, protein, and fat yields, and the latter
was associated with greater protein and fat percentage
(Bleck and Bremel, 1993b). This SNP was also detected
in Taiwan Holstein, Italian Friesian, Italian Red Pied,
Swedish Red and White, and Italian Brown (Formag-
gioni et al., 1999). Voelker et al. (1997) found another
SNP located in position —1689 from the transcription
start point of LAA in complete linkage disequilibrium
with LAA(+15).

MILK PROTEIN VARIANTS AND HUMAN NUTRITION

It is noteworthy that 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 hu-
man lactose tolerance.

Hypoallergenic Milk

Most milk proteins are potential allergens, mainly
a4-CN, a-CN, and (3-LG, which are missing in human
milk (EFSA, 2004; Crittenden and Bennett, 2005).

5347

The occurrence of alleles associated with null or faint
content of those proteins might be exploited for the
production of milk with particular nutritional quali-
ties; 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 ex-
pression of the specific protein. This is also true for
the numerous goat CN alleles associated with null or
reduced CN expression (Rando et al., 2000), which
deserve a brief description. Of the 45 goat CN alleles
that have been identified (summarized in Caroli et al.,
2006; Chessa et al., 2008b), 8 and 4 alleles have been
associated with null and reduced content, respectively,
of the specific calcium-sensitive o -CN, aw-CN, and
B-CN. Moreover, a significant variation has been found
in milk CN content between the 2 groups of goat CSNS
variants characterized by different isoelectric points
(Chiatti et al., 2007).

Comparison among cattle, goat, and sheep CN cod-
ing sequences (Figures 2a and 2b) highlights the lower
within-species polymorphism characterized in the ovine
species (Amigo et al., 2000; Chessa et al., 2003), with
a total of only 14 mutations identified in Owvis aries
versus 31 (plus 3 deletions) in Bos taurus and 31 (plus
2 deletions) in Capra hircus. Two deletions affect the
same AA in Bos taurus and Capra hircus, involving
AA 14-26 of ay-CN in bovine CSN1S1*A and goat
CSN1S1*G variant, respectively (Rando et al., 2000).
The associated interspecific and intraspecific variations
are highlighted in green in Figures 2a and 2b. They
occur only at the calcium-sensitive CN in Owis ar-
ies, whereas they also affect CSNS in Bos taurus and
Capra hircus. Most variations affect the first half of
the mature protein in CSN1S1 and CSN1S52, are more
uniformly distributed in CSN2, and are clearly located
in the second half of the C'SN8 gene, coding for CMP
with an important possible influence on the biological
actions of this peptide.

Besides selecting for milk with null or 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. Epitopes on milk proteins comprise highly
conserved sequences responsible for IgE cross-reactivity
with corresponding milk proteins of other mammals,
including humans (Wal, 2004). The genetic variation
might affect the IgE-binding epitope structure of milk
proteins, and as a consequence, milk produced by differ-
ent 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,
as has also been found in the caprine species (Chessa et
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al., 2008a). Focusing on the most allergenic fractions,
a,-CN and (3-LG, interesting 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 of 3-LG in 6
rare LGB variants, compared with LGB*B (Lisson and
Erhardt, 2008).

Biopeptides

In recent years it has been recognized that dietary
proteins provide a rich source of biologically active pep-
tides. Biopeptides have been defined as specific protein
fragments that have a positive effect on body functions
or conditions and might ultimately influence health
(Kitts and Weiler, 2003). Such peptides are inactive
within the sequence of the parent protein and can be re-
leased by enzymatic proteolysis during gastrointestinal
digestion or food processing (Fitzgerald and Murray,
2006; Korhonen and Pihlanto, 2006). Caseins represent
a reservoir for a wide variety of bioactive peptides, mi-
nor 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,
variant CSN2*A” and CSN2*A”? differ from CSN2*A’,
CSN2*B, and CSN2*C for the presence of a proline
instead of a histidine at position 67 of the mature pro-
tein. Histidines; determines the enzymatic cleavage of
the peptide bond releasing 3-casomorphin-7, which has
opioid properties resulting in an immune suppressant
influence most probably implicated in the etiology of
type 1 diabetes. It has been suggested that consump-
tion of milk from Hisg-carrying cows is positively and
significantly correlated with diabetes incidence because
of the release of 3-casomorphin-7 (Elliott et al., 1999).
Another trial on (-casomorphin-8 on the inhibition
of muscle contraction in guinea pigs suggested a dif-
ference, even if not statistically significant, between
p-casomorphin-8-His and (-casomorphin-8-Pro, the
first peptide showing a greater inhibition on muscle
contraction (Hartwig et al., 1997). It has also been sug-
gested that a high consumption of Hisg; milk increases
the risk of ischemic heart disease (McLachlan, 2001),
sudden infant death syndrome (Sun et al., 2003), and
the aggravation of symptoms associated with schizo-
phrenia and autism (reviewed in Knivsber et al., 2001)
and might correlate with milk allergy (Chatchatee et
al., 2001a, b) in humans.

Because high consumption of milk carrying Hisg,
(namely CSN2*A', CSN2*B, and CSN2*C) has been
alleged to affect human health by increasing the risk
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of diabetes and heart disease, an increase in the fre-
quency of alleles or haplotypes coding for Prog, at 3-CN
by selective breeding has been suggested by Nilsen et
al. (2009). However, Herndndez-Ledesma et al. (2004)
demonstrated the formation of an angiotensin-I-con-
verting enzyme—inhibitory peptide specific to the bo-
vine CSN2*A’ variant that is not present in other 3-CN
alleles. Finally, caution is needed because of conflicting
results on the potential health effect of 3-casomorphins
and related peptides recently reviewed in an European
Food Safety Authority report (EFSA, 2009). In particu-
lar, a cause—effect relationship between the oral intake
of 3-casomorphin-7 or related peptides and etiology of
any suggested diseases cannot be established, and con-
sequently, a formal European Food Safety Authority
risk assessment of food-derived peptides is not recom-
mended. This does not exclude, in our opinion, that
milk produced from cows carrying particular genotypes
might be suggested to be more suitable for human nu-
trition in specific pathology situations.

Despite the many studies and intensive debate on the
so-called CSN2 A” milk (with Prog, instead of Hisg,
including CSN2 A”), investigations on other genetic
polymorphisms potentially affecting milk protein pep-
tides are scarce. Two recent studies on biopeptides that
took into account the effect of genetic polymorphisms
are described in the following.

Weimann et al. (2009) investigated peptides derived
from the genetic variants 4, B, C, E, F', F*, G', G°,
H, I, and J of bovine CSNS for their antihypertensive
activities. Amino acid sequences of the CSNS& 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 ac-
tivity was determined: ASP (within CSN3*B), AHHP
(CSN3*C), VSP (CSN3*F"), and ACHP (CSN3*G”).

Among biopeptides, phosphopeptides are strongly
phosphorylated peptides known to exert an effect on
calcium metabolism but also on other minerals (Bou-
hallab and Bouglé, 2004). Consumption of high con-
centrations of calcium in early life contributes to the
development of maximal bone density, which, in turn,
can prevent osteoporosis in later life. The high bioavail-
ability of calcium from milk and dairy products has, in
part, been attributed to the production of caseinophos-
phopeptides with different levels of phosphorylation
(Fitzgerald, 1998). Caroli et al. (2009) investigated the
effects of 4 selected casein peptides on osteoblast min-
eralization in vitro. The chosen 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 de-
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position in the extracellular matrix and that the genetic
variation is involved in their differential effect.

Coevolution of Bovine Milk Genetic Variants
and Human Lactose Tolerance

A gene-culture coevolution between cattle milk pro-
tein genes and human lactase genes has been recently
highlighted (Beja-Pereira et al., 2003). Milk from do-
mestic 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 popu-
lations (e.g., northern Europe) have the genetically
determined ability to digest lactose by the action of
persistent lactase enzyme in adulthood, thereby ben-
efiting 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). The authors found a substantial geographic cor-
respondence 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 that since the Neo-
lithic times, there has been a gene-culture coevolution
between the domestic cattle and human culture driven
by the advantage conferred by milk consumption. This
led to the maintenance of larger herds and selection for
increased milk yield and altered milk protein composi-
tion. The gene-culture coevolution between cattle milk
protein genes and human lactase genes described is an
impressive proof of the nonrandom occurrence of milk
protein genetic variation over the ages.

CONCLUSIONS

The genomic and proteomic approach is a useful
tool for gaining a better understanding of both how
selection has modified the ruminants’ germplasm at the
level of milk protein structural genes and how animal
breeding could better exploit the genetic reservoirs of
the different genes and breeds. The great variation
highlighted in the genes, proteins, and peptides that
are so important for dairy production is a crucial ele-
ment in providing milk with different properties at the
level of the protein system. This is important for pos-
sible technological use and for the nutraceutical value
of dairy products. Designing milk with different protein
structures appropriate for its specific use is becoming
more and more feasible for breeders and is an important
task for animal geneticists.
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