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ABSTRACT

Milk protein genes are known to be highly polymorphic. Several studies have shown the influ-
ence of milk proteins genetic variants and casein haplotypes on milk nutritional and techno-
logical properties. From 1990, the analysis of caseins polymorphism gained new attention due
to the concern about possible negative effects of CSN2*A; on human health. As a consequence,
the CSN2*A, variant gained interest and milk produced by with A,A, B-casein cows is now
available in different countries. Aim of the present paper was to analyse how casein variants’
and haplotypes’ frequencies changed in the Italian Holstein breed, due to the health ‘claims’
about CSN2*A,, and the possible effects on milk technological properties. Data were compared
also with Italian Jersey cattle. A total of 223,655 Holstein and of 622 Jersey were genotyped
using lllumina beadchips and data of 62 SNP in the casein cluster were analysed to reconstruct
casein genotypes and haplotypes. The results demonstrate that although the selection towards
-casein A, is not so effective in Italy, an increase of the frequency of this allele to the disadvan-
tage of A; and B alleles, included in the most favourable genotypes and haplotypes for cheese
making, is occurring and should not be forced. Indeed, although a selection for the favourable
k-casein B allele, and against the unfavourable E allele, is occurring and is limiting the general
loss of haplotypes associated with good technological properties, the sharp decrease of the
favourable B-B and I-B - k-haplotypes, is an alert of the risk of losing useful biodiversity.
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HIGHLIGHTS

o After the concern about the B-caseinA1 variant on human health, a selection favoring the A2
allele was carried out in different countries.

e In Italy milk is mostly destined to cheese-making and even without a direct selection for
theB-casein A2 caseins allelic frequencies are changing.

e Genotyping data should be used to monitor and maybe contrast the reduction of variants
associated with milk favorable technological properties.

Introduction A,A, individuals. The bioactive peptide with opioid
properties B-casomorphin-7 (BCM7), one of the several
peptides released during milk protein digestion, was
suspected to be the risk factor in human disease as
Type 1 diabetes, coronary heart disease, infant death
syndrome, neurological disorders (e.g. autism and
schizophrenia), and milk allergy (Elliott 1992;

McLachlan 1996, 2001; Laugesen and Elliott 2003;

Milk protein genes are known to be highly poly-
morphic in ruminants and the effects of this variability
on milk nutritional and technological properties is well
documented (Caroli et al. 2009). Nevertheless, casein
variants were rarely taken into consideration in selec-
tion schemes. Starting from the 1990s, after some con-
cerns in New Zealand for potential negative effects of

B-casein A; milk consumption on human health (Elliott
1992; Mclachlan 1996), a company, A2 Corporation,
started marketing milk produced only by [-casein

Woodford 2007). CSN2*A, and CSN2*A; variants differ
from CSN2*A,, CSN2*B, and CSN2*C for the amino
acid substitution of a histidine (His) with a proline
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Table 1. SNP with at least 10% of genotyped individuals in the older Holstein Friesian archived genotyped individuals (oHF),
and with a minor allele frequency of at least 1% in the genotyped oHF, recently analysed Italian Holstein (rIH), and Italian

Jersey (1)).

Frequency of the B allele
Chip SNP name dbSNP name  Position UMD_3.1.1  Type of mutation ~ Amino Acid Variants oHF riH 1
BovineHD4100005290 rs110899052 87,145,250 intron 0.759 0.605 0.974
HapMap27109-BTC-060711  rs110440863 87,152,621 intron 0.410 0310 -
CSN1S1_3 rs133474041 87,157,909 3’ UTR 0.998 0.997 0.416
HapMap33451-BTC-060559  rs110914422 87,176,472 downstream 0.629 0.591 -
BCN_8491 rs715383373 87,181,229 missense? 0.002 0.000 0.000
BCN_8356" rs433954503 87,181,364 missense Projs,Leu All/F 0.997 0.999 1.000
BCN_8267° rs43703013 87,181,453 missense Ser;5,Arg All/B 0.018 0.028 0.173
BCN_8219 rs43703012 87,181,501 missense His106GIn All/A3 0.998 0.998 1.000
BCN_8178° rs109299401 87,181,542 missense MetqsLeu All/I-H2 0.081 0.040 0.056
BCN_8163¢ no-rs 87,181,557 missense Leugglle All/H1 0.999 1.000 1.000
CSN2_7 rs43703011 87,181,619 missense Prog;His A2-A3/A1-B 0.609 0.608 0.787
BCN_6690 rs721259074 87,183,031 missense Gluz;Lys All/C 0.999 1.000 1.000
BCN_6687 no-rs 87,183,034 missense Gluselys All/E 0.999 1.000 0.787
HapMap28023-BTC-060518  rs110752083 87,201,599 intron 0.784 0.718 -
HapMap23522-BTC-047379  rs109028261 87,222,751 intergenic 0.603 0.618 -
CSN1S2_2 rs463985801 87,268,830 missense 51-59 Del. All/D 0.999 0.996 1.000
BovineHD4100005313 rs109248332 87,269,258 intron 0.194 0.162 0.249
HapMap30192-BTC-072881  rs110810914 87,281,196 downstream 0.605 0.604 -
HapMap25779-BTC-072896  rs109487747 87,306,797 intergenic 0.043 0.060 -
HapMap33631-BTC-043555  rs110745082 87,327,708 intron 0.788 0.722 -
BovineHD0600023906 rs133112151 87,350,391 intergenic 0.345 0.283 0.858
BTA-77057-no-rs no-rs 87,365,840 intergenic 0.137 0.148 0.045
KappaCasein12951_2¢ rs716557965 87,390,459 missense ArggyHis All/C 0.999 1.000 1.000
GNSC355° rs43703017 87,390,632 missense Ser;55Gly All/E 0.159 0.105 0.009
GNSC319 no-rs 87,390,663 A/B groups 0.366 0.320 0.900
BovineHD0600023926 rs110312754 87,420,477 intergenic 0.386 0351 0.080

?BCN_8356 =SNP CSN2_1; bBCNAB:BCN_8267:CSN2_3; ‘BCN_8178 =CSN,_4; dBCN_8163:CSN2_5; ®KappaCasein12951_1 = KappaCasein12951_
2 =KappaCasein12951_3; fGNSC355 = BovineHD4100005327; frequency data are reported for the SNP with more genotyped individuals; ®Mutation

reported only in genomic projects, but never confirmed at the protein level.

(Pro) at position 67 in the mature protein. The pres-
ence of Hisg; determines the enzymatic cleavage
which releases BCM7 in the last three variants. Besides
the epidemiological studies finding a correlation
between milk consumption and the aforementioned
diseases, other studies failed to demonstrate a rela-
tionship (Hunter et al. 2003; Truswell 2005; Chin-
Dusting et al. 2006; Venn et al. 2006; Cass et al. 2008),
and no clinical trials on human beings were carried
out to verify it. Therefore, in 2009 a European Food
Safety Authority report (EFSA 2009) stated that a cau-
se—effect relationship between BCM7 or related pepti-
des and the aetiology of the diseases could not be
established.

More recently, new researches pointed at possible
intolerances and gastrointestinal effects of BCM7, asso-
ciating CSN2*A;A; milk consumption to delayed intes-
tinal transit, looser stool consistency, and intestinal
inflammation, and found an overall evidence in animal
trials and in vitro studies (Brooke-Taylor et al. 2017).
Anyway, as many of these studies were sponsored by
A2 Corporation, which had the interest to demonstrate
that A, milk is better than other commercial milks,
were carried out on small cohorts and in people

intolerant to milk and usually without controlling the
rest of the diet, or did not result in significant differen-
ces that can directly be imputed to the CSN2*A; vari-
ant, further validations underlying BCM7 mechanism
role and assessing whether negative effects are gen-
eral or limited to sensitive individuals are needed to
prove its the effects on human population (Hedge
2019; Summer et al. 2020). Nevertheless, CSN2*A,A,
milk is now marketed in various countries and
CSN2*A, is considered the allele to be selected for.
Aim of the present study was to analyse how the fre-
quencies of the main casein variants and haplotypes
changed in the Italian Holstein breed due to the
unhealthy ‘claims’ about CSN2*A,, and the possible
effects on milk technological properties. Data were
compared also with Italian Jersey cattle.

Materials and methods

A total of 223,655 Holstein and of 622 Italian Jersey
(1)) individual samples were genotyped using different
Illumina Beadchips. Of the Holstein samples, 213,124
can be considered as older individuals (oHF), whose
genotyping data were already stored by the National
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Table 2. Changes in the frequency (%) of the B- and k-casein alleles obtained by intragenic haplotype reconstruction in the
total worldwide and Italian Holstein archived genotyped individuals (toHF and loHF, respectively), recently analysed Italian
Holstein (rlH), and Italian Jersey (1)) from before 1990 to nowadays.

<1990 1990-2000 2000-2010 2010-2017 Total
toHF loHF toHF loHF toHF loHF toHF loHF toHF loHF rlH 1
n=1443 n=166 n=7287 n=1037 n=29454 n=6298 n=174928 n=43336 n=213,124 n=50837 n=10531 n=622
B-casein
Al 413 410 355 34.1 34.0 349 36.8 367 36.4 36.4 365 41
A2 456 392 506 49,0 53.8 53.1 54.2 55.8 539 552 56.4 73.0
A3 02 00 02 04 03 0.6 0.2 0.1 0.2 0.2 0.2 0.0
B 42 75 37 43 44 47 22 24 26 28 28 17.3
C 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
E 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
F 0.6 00 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
HT 00 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
| 5.0 63 65 8.2 52 48 57 47 57 48 41 55
- 32 60 34 39 22 1.8 09 04 1.2 0.6 0.1 0.0
k-casein
A 67.4 618  66.2 64.8 633 62.2 494 533 52.0 54.6 57.2 9.1
B 18.6 249 216 232 252 244 355 33.0 335 317 322 90.0
C 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
E 11.6 106 105 9.7 10.3 11.6 14.7 13.4 13.9 13.1 10.6 0.9
24 27 17 22 1.2 1.8 04 04 0.6 0.6 0.0 0.0
Association of Italian Holstein and Jersey Breeds Results

(ANAFLlJ), whereas the 10,531 remaining samples,
together with the 622 1J, were Italian Holstein recently
analysed thanks to the PSRN project (rlH). oHF
included animals born from 1952 to 2017 and coming
from different countries, with the prevalence of USA
individuals (50.86%), but with the Italian samples
being the second most represented (23.85%), Canada
the third (9.82%), and other countries accounting for a
small percentage of the total dataset.

The 1J and rlH were genotyped using the GeneSeek
Genomic Profiler 3 (26K, 53 samples), GeneSeek
Genomic Profiler 4 (30K, 13,027 samples), GeneSeek
MD (48K, 6,621 samples) and Labogena MD (42K,
3,678 samples). DNA was extracted from blood using a
commercial kit and subsequently analysed by LGS
(Cremona, ltaly), Geneseek (Scotland, UK) and IFN
(Berlin, Germany). Blood sampling was performed in
accordance with Italian Animal Protection Law
(Legislative Decree No. 26/2014, https://www.gazzet-
taufficiale.it).

For the Holstein breed the possibility to impute
missing SNPs was also tested and the oHF population
was used to verify which SNP could successfully be
imputed. Imputation was performed using pedimpute
(Nicolazzi et al., 2013).

Casein genotyping data were pruned from total
genotyping data and analysed using various R soft-
ware packages (http://cran.r-project.org), and the
intragenic haplotypes for each casein gene and the
casein cluster haplotypes were analysed using Phase
2.1 software (Stephens et al. 2001; Stephens and
Scheet 2005).

SNP in the casein cluster

Considering upstream, intergenic and downstream var-
iants a total of 62 SNP found on the chips used were
considered as belonging to the casein cluster. Since 6
SNP corresponded to other SNP called with different
names (BCN_8356=CSN2_1; BCNAB=BCN_8267 =
CSN2_3; BCN_8178=CSN2_4; BCN_8163=CSN2_5;
KappaCasein12951_1 = KappaCasein12951_2 = Kappa-

Casein12951_3; GNSC355 = BovineHD4100005327), we
finally considered 54 unique SNP (Supplementary
Table 1). For some SNP a low number of individuals
were actually genotyped and were imputed in the
remained oHF population: only 11 SNP were geno-
typed in at least the 30% of the oHF, 30 SNP were
genotyped in at least about the 20%, 3 further SNP
were genotyped in at least the 8.40% and the remain-
ing 20 SNP were genotyped in about the 1%.
Genotypes frequencies for 6 of these last 20 SNP were
significantly different from the ones of the genotyped
individuals. As this was indicative of imputation errors,
we excluded all the SNP imputed with less than the
10% of the individuals genotyped in the oHF popula-
tion from the subsequent analyses on the rlH and 1J
population. One SNP (HM27109-BTC-060711) whose
genotype frequencies in imputed oHF were signifi-
cantly different from the ones of the genotyped indi-
viduals, although genotyped in more than the 35% of
the oHF, was maintained since in the imputed rlH the
difference in imputed versus genotyped individuals
was not statistically different.
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Table 3. Frequency (%) of the B-k-casein haplotype found in
the recently analysed Italian Holstein (rlH), and Italian Jersey
(J) populations. Haplotypes data were compared with
previously published papers (Boettcher et al. 2004; Chessa
et al. 2014).

B-k-casein haplotype

Holstein in 2004  Holstein in 2014  rlH 1

A-A 28 218 274 04
A;-B 4 6.4 83 29
A-E 6 6.8 63 09
A-A 48 489 474 86
A,-B 5 5.1 6.7 646
A-E 2 0.2 00 0.1
B-B 6 6.1 12 171
I-B - 33 08 08
Minor haplotypes 14 19 46

Haplotypes data were compared with previously published papers
(Boettcher et al. 2004; Chessa et al. 2014).

Of the 31 SNP remaining, 5 more were excluded
from subsequent analyses as they were not poly-
morphic in the genotyped oHF, rlH and lJ. Therefore,
26 SNP could be used to reconstruct or impute the
casein genotypes of each individual (Table 1). Of
these, 12 had to be imputed in rlH: 7 SNP were suc-
cessfully genotyped in less than the 2.2% of the rlH,
whereas the remaining 5 had to be imputed in about
half of the population, since a number of individual
ranging from 48.10 to 51.30% were successfully geno-
typed. For these 12 SNP the imputed genotype fre-
guencies were not significantly different from the ones
of the genotyped individuals. In the 1J, 7 SNP in the
non-coding regions of the genes had only missing
genotypes, therefore for the reconstruction of intra-
genic and casein cluster haplotypes only missense
mutations were taken into consideration. Since
BCN_849, although listed as missense mutation, was
reported only in genomic projects, but never con-
firmed at the protein level, and was found only in oHF
with a minor allele frequency of 0.002, also this SNP
was not included in the intragenic and casein cluster
haplotype reconstruction.

Allele frequencies of the (- and k-casein alleles

Table 2 shows the results of the B- and k-casein allele
frequencies obtained from the intragenic haplotype
reconstruction in the three populations, and these are
reported as a function of time in the oHF considered
both in its total (toHF) and only in the Italian sample
(loHF). At the CSN2 gene, the A, allele resulted the
most frequent in all three populations, and the differ-
ence in frequency to the A; allele increased sensibly
after 1990. It appeared that before 1990 the frequency
of the A, allele was even higher than that of A, but
this could be due to the limited number of samples

analysed (166). For CSN3, the A allele is still the most
frequent in the Holstein, but the frequency of the B
allele is constantly increasing (from 18.6% before 1990
to more than 30% nowadays), whereas in the Jersey B
is the predominant variant (90%).

Haplotypes frequencies

Table 3 shows the results of the B-k casein haplotype
frequencies obtained in rlH and 1J, compared with pre-
viously reported haplotypes frequencies in the lItalian
Holstein breed (Boettcher et al. 2004; Chessa et al.
2014). As it can be noted the predominant haplotype
in the Holstein is the A,-A haplotype (about 48%), fol-
lowed by the A;-A (22-28%), which clearly depends
on the high frequency of the k-casein A variant.

Discussion
SNP in the casein cluster

The lllumina Beadchip used are mainly focused on -
and k-casein. As a matter of fact the SNP related to
CSN1S1 gene that are necessary to distinguish alleles
of potential interest, as C, E, F and G are not in the
genotyping chips and therefore no useful intragenic
haplotypes could be analysed at the CSNIST.
Moreover, at the CSN152 gene only the A allele was
described in the Holstein and Jersey breeds and the D
allele, which can be genotyped using the chips, was
absent in the Jersey and had a frequency lower than
0.01 and 0.04 in the oHF and rlH, respectively. Thus,
no intragenic haplotype analysis was necessary. A fur-
ther molecular analysis could help confirm the pres-
ence of the D allele in the analysed samples and
exclude the possibility of genotyping errors. As for the
CSN2 gene considered only in the genotyped popula-
tions, the SNP responsible for the C allele was found
only in oHF at a frequency lower than 0.01, whereas
the one responsible for F allele was found both in
oHF and in IJ with a frequency lower than 0.01. Again,
a further molecular analysis could help confirm the
presence of the alleles in the analysed samples and
exclude the possibility of genotyping errors.

Allele frequencies of the (- and k-casein alleles

Considering the debate about the negative effects of
CSN2*A;, although the responsibility of BCM7 on the
lower digestibility of milk cannot be considered veri-
fied in human, milk produced by A, homozygous
cows is commercialised and sold at higher prices than
other milks. Actually, it should also be considered that
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Figure 1. Frequency (%) of real AA;, A;A-type, real AjA; AAx-type, real AjA; and A,A,-type genotypes in the older Holstein
Friesian individuals (oHF), recently analysed Italian Holstein (rIH), and Italian Jersey (1)) populations.

A,, A3, D, E, H, and | variants all behave in the same
way, not releasing the BCM7 and we can define them
as A, type. Variants A;, B, C, F, G, H,, instead, all pos-
sess the Hisg; and potentially release BCM7, and can
be defined as A; type. Thus, to maintain genetic vari-
ability, all the variants should be considered. To pro-
duce the so called A, milk, cows homozygous for the
A, allele, together with the homozygous and the het-
erozygous for the A,-type alleles could be used, since
no BCM7 will be released. If we consider the geno-
types distribution, the total A A, (real A5A, and A,A,-
type) accounted for 36% in the oHF, 37% in the rlH,
and 63% in the 1J, the total A;A; (real A;A; and A A;-
type) for the 16% in oHF, 15% in rlH, and 5% in 1J,
and the total A;A; (real A;A, and A;A,-type) for the
48% in oHF and rlH and the 32% in IJ (Figure 1).
Because of the marketing success of the A,A, milk
in the Anglo-Saxon countries, the semen of A,A, bulls
seems to be used more often in ltaly too, although, if
we look at the data, an increase of the frequency of
A, was already going on before 2007, when the paper
of Kaminski et al. (2007), increased the European com-
munity interest about the A;/A, effects and lead to
the EFSA report of 2009. As a matter of fact, the fre-
quency of A, allele increased from 45.6% in toHF, and

39.2% in loHF, to 56.4% in the recently analysed (rlH)
samples (Table 3), but this increase was higher in the
first decades after 1990: +5% in cows born in
1990-2000, +3.2% in 2000-2010, +0.4% in 2010-2017
with respect to toHF; +9.8% in 1990-2000, +4.1% in
2000-2010, +2.7 in 2010-2017 with respect to loHF.
rlH A, frequency increased of about the 2.2% and
0.6%, respectively, with respect to the last toHF and
loHF data. Thus, it seems that other selection strat-
egies, instead of direct selection for increasing A,
allele frequency, are shifting casein variants frequency.
Anyway, since its increment in the last years with
respect to toHF is higher than in 2010-2017, maybe
some selection towards A2 allele is taking place and
should be monitored. Simultaneously the frequencies
of A, and B decreased from about the 41% to 36.5%
and from 4.2% (toHF) and 7.5% (loHF) to 2.8%,
respectively. In the Jersey breed the high frequency of
A, was confirmed (73.0%), with the B variant being
the second most frequent variant (17.3%). It has to be
noted that the B-casein B variant is considered posi-
tively associated with milk technological properties,
although it belongs to the A;-type variants. Therefore,
selecting against this variant could determine a wor-
sening of milk technological properties. In the Holstein
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populations a selection for the B allele of k-casein,
known for its positive association with cheese-making
properties, seems to be carried out, determining an
increase of its frequency (from 18.6% in toHF and
24.9% in IoHF to 32.2% in rlH) and a decrease of A
(from 67.4% in toHF and 61.8% in IoHF to 57.2% in
rIH) allele (Table 2).

Recently De Noni et al. (2015) analysing different
types of cheese (Supplementary Table 2), found that
not all cheeses, even if obtained by cows carrying the
A, protein variant, contained BCM7 before digestion.
After in vitro digestion of some cheeses containing
BCM?7, it resulted that the amounts of BCM7 formed at
the intestinal step seemed insufficient to exert a
physiological activity. Researches are going on to ana-
lyse if this is also true in vivo, but it has to be consid-
ered that different peptides released by cheeses could
exert an effect, and BCM7 alone could not be the sole
responsible of negative effects. The casein cluster is a
complex system able to exert a global effect both on
nutritional and technological properties of milk, due
to the high number of bioactive peptides released
and to the arrangement of the casein genes in specific
haplotypes. Therefore, to analyse the effect of a single
variant of a single casein instead of considering the
casein cluster as a whole, could lead to misleading
results, since other peptides could exert synergic or
opposing activity to that of BCM7. This strengthens
the importance of considering the casein cluster as a
whole and to verify the effects of different haplotypes
on milk nutritional and technological properties.

Previous researches have shown that B-A;-B haplo-
type (Chessa et al. 2014), and the combination of BB-
BB B-k genotypes (Comin et al. 2008) are associated
with the best cheese-making attitude traits, thus selec-
tion against A; and B could reduce the cheese-making
properties of milk. The B-x-casein haplotypes found in
the rlH actually demonstrate that the increase of the B
allele and the decrease of the E allele at the k-casein
are compensating the increase of the allele A; at the
B-casein, generally maintaining a balanced proportion
of haplotypes associated with good cheese-making
properties (A;-B haplotype increased its frequency to
8.1% from less than 4-6%), with respect to the haplo-
types associated with poor cheese-making properties.
Nevertheless, the frequency of the B-B (from 6% to
1.2%) and of the I-B (from 3% to less than 1%) haplo-
types, associated with good cheese-making properties,
has decreased sharply and this should be monitored. In
the Jersey, the predominant haplotype was obviously
the A,-B, but the frequency of the B-B haplotype was
also high, representing 17.1% of the total haplotypes.

Conclusions

After the concern about the B-casein A; variant on
human health, a selection favouring the A, allele was
carried out in different countries. The present work
shows that in Italy different forces than a direct selec-
tion for the B-casein A, allele seem to be the main
responsible for a change in caseins allelic frequency.
We are assisting to the drastic reduction of the fre-
quency of some alleles and haplotypes, such as the
B-casein B allele, included in genotypes and haplo-
types associated with favourable technological proper-
ties. Considering that milk in Italy is mostly used for
cheese-making, the selection of other alleles at other
casein loci, such as the B variant of k-casein, is some-
how compensating for the loss of genetic and haplo-
type variability, although some haplotypes associated
with good cheese-making properties have now a very
low frequency. Researches are ongoing to analyse if
the B-casein A; variant is really responsible of a lower
digestibility of milk, but most studies are focusing on
the single variant, instead of considering the milk as
the complex mixture of nutrients that are all together
responsible for its properties. Moreover, it seems that
the quantity of BCM7 found in cheeses is insufficient
to exert a biological effect in vivo. Therefore, unless
new solid scientific reports on the negative effects of
BCM7 and on its presence in cheeses are published,
the increasing availability of genotyping data should
be used for a better understanding of the real effects
of casein genotypes and haplotypes on both nutri-
tional and technological properties of milk, and could
help addressing selection schemes better suited for
the Italian dairy market.
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