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ABSTRACT

The aim of this study was to investigate the effects
of CSN2-CSNS8 (B-k-casein) haplotypes and BLG
(B-lactoglobulin) genotypes on milk production traits,
content of protein fractions, and detailed protein compo-
sition of individual milk of Simmental cows. Content of
the major protein fractions was measured by reversed-
phase HPLC in individual milk samples of 2,167 cows.
Protein composition was measured as percentage of
each casein (CN) fraction to total CN and as percent-
age of B-lactoglobulin (3-LG) to total whey protein.
Genotypes at CSN2, CSN3, and BLG were ascertained
by reversed-phase HPLC, and CSN2-CSNS haplotype
probabilities were estimated for each cow. Traits were
analyzed by using a linear model including the fixed
effects of herd-test-day, parity, days in milk, and so-
matic cell score class, linear regressions on haplotype
probabilities, class of BLG genotype, and the random
effect of the sire of the cow. Effects of haplotypes and
BLG genotypes on yields were weak or trivial. Geno-
type BB at BLG and haplotypes carrying CSN2 B and
CSN3 B were associated with increased CN content
and CN number. Haplotypes including CSN3 B were
associated with increased k-CN content and percent-
age of k-CN to total CN and with decreased percent-
ages of ag;- and v-CN to total CN. Allele CSN2 B had
the effect of increasing 3-CN content and decreasing
content of ag-CN. Haplotypes including allele CSN2
A' exhibited decreased B-, ags-, and v-CN concentra-
tions and increased ag;- and k-CN contents, whereas
CSN2 1 had positive effects on 3-CN concentration and
trivial effects on content of other protein fractions. Ef-
fects of haplotypes on CN composition were similar to
those exerted on content of CN fractions. Allele BLG
A was associated with increased 3-LG concentration
and percentage of 3-LG to total whey protein and with
decreased content of other milk proteins, namely 3-CN
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and ag-CN. Estimated additive genetic variance for
investigated traits ranged from 14 to 39% of total vari-
ance. Increasing the frequency of specific genotypes or
haplotypes by selective breeding might be an effective
way to change milk protein composition.

Key words: casein haplotypes, BLG genotype, milk
protein composition, Simmental

INTRODUCTION

Most research concerning milk protein polymor-
phisms has focused on the associations of CSN3 (k-CN)
and BLG (B-LG) polymorphisms with milk production
traits, coagulation time, curd firmness, and cheese yield.
Results of studies (Braunschweig et al., 2000; Ikonen et
al., 2001; Boettcher et al., 2004a) investigating effects
of single protein genes on production traits have not
been consistent, but associations of CSN38 B with en-
hanced milk coagulation properties (Schaar, 1984) and
increased cheese yields (Schaar et al., 1985; Aleandri et
al., 1990) have been consistently reported.

A role of milk protein composition in variation of co-
agulation properties has been recently described (Wed-
holm et al., 2006; Joudo et al., 2008). A few studies
have investigated associations of milk protein polymor-
phisms with protein composition and examined mostly
the effects of CSNS and BLG genes. Significant effects
of BLG and CSN& genes on concentrations of (3-LG,
k-CN, and total CN in milk have been reported (Lunden
et al., 1997; Mayer et al., 1997; Robitaille et al., 2002),
and linked polymorphisms in the noncoding regions of
these genes have been assumed to affect transcription
of milk proteins (Martin et al., 2002). Variation in CN
composition has been related to effects of CSN2 ((3-
CN) variants (Heck et al., 2009), but knowledge on the
association of CSN2 B with CN composition is scarce
because CSN2 B is found at low frequency in all previ-
ously investigated cattle populations.

Because simultaneous quantification of all major
proteins is difficult, the effects of single genes on con-
centration or relative ratios of major protein fractions
have been investigated using limited numbers of animals
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(Bobe et al., 1999; Hallén et al., 2008). Genotype effects
have been considered in all those studies. Recently, for
the first time, the effects exerted by CN haplotypes on
milk protein composition have been investigated using
a large sample of Dutch Holstein-Friesian cows (Heck
et al., 2009). Genes encoding ag-CN, ag,-CN, 3-CN,
and k-CN are located on chromosome 6, within a region
of about 250 kb (Ferretti et al., 1990; Threadgill and
Womack, 1990). This makes it difficult to assess single
CN gene effects (Lien et al., 1995) and preferable to es-
timate CN haplotype effects instead of genotype effects
(Tkonen et al., 2001; Boettcher et al., 2004a).

With few exceptions (Bobe et al., 1999; Heck et al.,
2009), estimation of milk protein polymorphism effects
on detailed protein composition has been performed us-
ing ordinary least squares procedures, and effects due to
polygenes have been ignored. Consequently, estimated
effects of milk protein loci might be biased (Kennedy
et al., 1992).

Only a few studies have been carried out on variation
of milk protein composition in Simmental cows (Pérez-
Rodriguez et al., 1998; Amigo et al., 2001; Graml and
Pirchner, 2003), although Simmental cattle populations
are present in many countries. If compared with other
breeds, where frequency of some alleles (e.g., CSN3 B
or CSN2 B) is very high or very low, the Simmental
breed exhibits more equilibrated allelic frequencies at
milk protein genes. This facilitates the estimation of
haplotype and genotype effects. Moreover, this breed
exhibits a moderate presence of allele CSN2 I, whose
effects have never been reported previously.

The aim of this study was to estimate the effects
exerted by CN haplotypes and BLG genotypes on
milk production traits, protein fraction contents, and
detailed milk protein composition in individual milk
samples of Ttalian Simmental cows.

MATERIALS AND METHODS
Animals and Milk Sampling

Individual milk samples of 2,167 Simmental cows,
reared in 47 commercial herds in the north of Italy, were
collected from November 2007 to December 2008. Milk
sampling occurred once per animal, during the morning
or evening milking, concurrently with the monthly milk
recording of the herd. Herd and test-day effects were
confounded because all cows of a herd were sampled on
the same test day.

Preservative (Bronopol, 0.6:100 vol/vol, Grunenthal
Prodotti & Farmaceutici Formenti, Milan, Italy) was
added to milk immediately after collection to prevent
microbial growth and stored at —40°C until reversed-
phase (RP) HPLC analysis to prevent enzymatic
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proteolysis. The Italian Simmental cattle breeders’
association (ANAPRI, Udine, Italy) provided pedigree
information and measures of milk yield and fat and
protein content collected in the national milk record-
ing program. In the national milk recording program,
milk fat and protein content are determined using mid-
infrared spectroscopy and a Fourier transformed inter-
ferogram (MilkoScan FT 6000, Foss Electric, Hillergd,
Denmark).

Milk Protein Composition and Genotyping

Contents of ag-CN, ag-CN, 3-CN, ~-CN, k-CN,
B-LG, and o-LA of individual milk samples were
measured using the RP-HPLC method proposed by
Bonfatti et al. (2008). Genotypes of cows for CSN2,
CSN3, and BLG were also determined by RP-HPLC.
Briefly, the method separates the major CN and whey
protein fractions in one run at very high resolution and
provides quantification of content of A', A%, B, and I
variants of 3-CN, A and B variants of k-CN, and A,
B, and D variants of 3-LG. When analyzing individual
milk samples of homozygous animals, a whole-protein
fraction contains a single genetic variant and RP-HPLC
quantification can be affected by the response factor of
the specific protein form. Because purified protein ge-
netic variants were used to develop specific calibration
equations, the method used in this study was suitable
for the quantification of protein fraction contents in
individual milk samples. A detailed description of the
RP-HPLC technique used in this study can be found in
Bonfatti et al. (2008).

Because the frequency of BLG D was very low, re-
cords of cows carrying this allele were not considered
in the statistical analysis. The RP-HPLC method did
not differentiate CSN1S1 (ag-CN) alleles. Because the
frequency of the C allele at CSN1S1 has been reported
to range from 0.08 to 0.11 for Simmental cattle (Pérez-
Rodriguez et al., 1998; Jann et al., 2004), suitability of
alternative genotyping techniques was carefully evalu-
ated in terms of benefits and disadvantages. This in-
volved the assessment of genotypes at CSNI1S1 in a
random sample of 200 cows by direct DNA sequencing.
A portion of exon 17 of CSN1S1 (allele B and C dis-
criminating fragment) was amplified by standard PCR
using primers CsnlS1_ex17f 5-TGGATGCCTATC-
CATCTGGT-3" and CsnlS1_ex17r 5-CACTGCTC-
CACATGTTCCTG-3'. Amplicons (333 bp) were
directly sequenced using the CsnlS1_ex17f primer on a
CEQ8000 sequencer (BeckmanCoulter, Fullerton, CA).
Because the frequency of CSN1S1 C was <6% in the
investigated sample, genotyping through direct DNA
sequencing was not extended to all milk samples, and
the CSN1S1 gene was not considered when defining
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CN haplotypes. With such a low frequency, haplotypes
carrying CSN1S1 C would have been likely included in
the group of “rare” haplotypes or would have obtained
a trivial haplotype probability, thus limiting the reli-
ability of the estimated haplotype effects. However, the
omission of CSN1S1 C from CN haplotype definition
might have introduced a bias in the estimation of hap-
lotype effects.

The frequency of CSN3 E (which could not be dif-
ferentiated from CSN3 A by RP-HPLC) is known to
be quite low in Simmental cattle populations, ranging
from 4% for Czech Simmental (Mat&ji¢ek et al., 2008) to
0% for Ttalian Simmental (Jann et al., 2004), although
this allele has been detected with greater frequency in
other cattle breeds (Ikonen et al., 1999a; Heck et al.,
2009). Because of its low frequency, no assessment of
the frequency of CSN3 E by direct DNA sequencing
was performed in the investigated sample. Hence, the
estimated effects of C'SN8 A might be slightly biased,
being, for a small number of samples, the combined
effects of CSN3 A and E variants.

Despite the partial co-elution of 3-CN I with A’
variant, the double peak of heterozygous A’ samples
exhibited a typical shape, making identification of
genotype A’I straightforward. Also, heterozygous A'l
and BI samples exhibited a characteristic shape of the
valley between (3-CN peaks so that genotyping errors
were unlikely. Shifts of the chromatogram were rare and
usually homogeneous in the whole 3-CN elution inter-
val. Of course, genotyping errors, albeit unlikely, might
have occurred for homozygous A*A? and II samples.

Fraction v-CN consisted of several minor peaks eluting
close to the 3-CN elution interval or partially co-eluting
with 3-CN. Although ~-CN consisted of multiple peaks
exhibiting low resolution, content of this fraction was
quantified with good repeatability and reproducibility,
similar to that ascertained by Bonfatti et al. (2008) for
other protein fractions, and provided an indication on
the extent of proteolysis occurring in milk samples. Re-
peatability, measured as relative standard deviation of
peak areas assessed in 10 consecutive injections of the
same milk sample, was 2.57%, whereas reproducibility,
measured as relative standard deviation of peak areas
in a sequence of 10 individual milk samples injected
over 4 d, was 3.42%.

Trait Definitions

For proteins quantified by RP-HPLC, total CN
(TCN, g/L) was computed as the sum of ag-CN,
age-CN, 3-CN, ~-CN, and k-CN content in milk. Total
whey protein (WH, g/L) was calculated as the sum of
oa-LA and B-LG content. Total protein (PRT, g/L) was
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computed as the sum of TCN and WH. Casein number
(%) was calculated as the percentage ratio of TCN to
PRT. Protein composition (i.e., relative content of pro-
tein fractions) was computed as percentage of ag-CN,
age-CN, 3-CN, ~-CN, and k-CN to TCN and as the
percentage of B-LG to WH. When protein composi-
tion is measured as percentage ratio of each fraction to
PRT, for haplotypes associated with increased casein
number, the percentage ratios of all CN fractions are
expected to increase, whereas those of whey fractions
are expected to decrease. Use of percentage ratios of
each CN fraction to TCN, or of each whey fraction
to WH, ensures that estimation of haplotype effects
on protein composition is not affected by concurrent
variation in casein number.

Computation of Haplotype Probabilities

Sire families of limited size are rather common in
the Italian Simmental population. For 60% of the sires,
family size was between 2 and 5 daughters, for 17.2%
was between 6 and 20 daughters, and for 10.4% be-
tween 21 and 50 daughters. Only 3% of the sires had
more than 50 daughters. Because sire genotypes were
unknown, but also to avoid problems related to the
attribution of haplotypes in families of very small size
that would have markedly reduced the size of the data
set, we estimated haplotype probabilities. Cows (2,016
animals) originating from sires with at least 2 genotyped
daughters were used to estimate CSN2-CSN3 haplotype
probabilities. Two animals had genotypes that were
incompatible with observed haplotypes in their fami-
lies and were discarded. The probability of haplotypes
inherited by each daughter was estimated using the
method proposed by Boettcher et al. (2004b). When
computing haplotype probabilities, no recombination
across CN genes was assumed. The expected number of
copies of each possible haplotype carried by an animal
was indirectly derived from the estimated probabilities.
To test the null hypothesis that genotypes at one locus
were independent of genotypes at another locus (i.e.,
to test the hypothesis of linkage equilibrium between
loci), GenePop Version 4.0 (http://kimura.univmontp2.
fr/~rousset/Genepop.htm) was used. The program cre-
ates contingency tables for all pairs of genes and then
performs a probability test for each table using a Monte
Carlo Markov chain method. Hardy-Weinberg equilib-
rium was also verified for each locus by using a Monte
Carlo Markov chain method. Values of r* for haplotypes
including CSN3 and BLG were computed following the
method proposed by Hill and Robertson (1968) and
Zhao et al. (2005), and used by Heck et al. (2009).

Journal of Dairy Science Vol. 93 No. 8, 2010



3800

Statistical Analysis

The effects of CN haplotypes and BLG genotypes on
phenotypic variation of milk production traits, and con-
tent and percentage of protein fractions were estimated
using a linear mixed model with the MIXED procedure
of SAS (Version 9.1, SAS Institute Inc., Cary, NC). The
mixed model was

Yo = HID, + P+ DIM, +SCS,

h
+ ZﬁsPRs:ijklmno + BLGm + Siren +e,

ijklmno’
s=1

where y,j.q0 18 @ measure for a trait; HTD, is the fixed
effect of herd-test day i (i =1, ..., 47); P, is the fixed
effect of parity j of the cow (j = 1: first parity, j = 2:
second parity, j = 3: third parity, j = 4: fourth and
later parities); DIM, is the fixed effect of DIM class k
(12 classes of 30-d intervals, with the exception of the
last class, which included samples collected at DIM 330
or greater); SCS; is the fixed effect of SCS computed as
log,(SCC x 10”) + 3 (6 classes of 1-point interval, with
the exception of the last class, which included records
with SCS >5); h is the total number of haplotypes
evaluated (h = 8); PRyijmno is the probability that the
cow carried haplotype s, expressed as the expected
number of copies of haplotype s carried by the animal;
0, is the regression coefficient on the probability of hap-
lotype s; BLG,, is the fixed effect of BLG genotype class
m (m = 1: AA, m = 2: AB, m = 3: BB); sire, is the
random effect of the sire of the cow (n =1, ..., 211)
assumed to follow a mnormal distribution with
sire, ~ N (0, Aaf), where af is the sire variance and A is
the additive relationship matrix among sires; and e,
is a random residual assumed to follow a normal distri-
bution with e, .~ N(0, crf),, where 03 is the residual
variance.

A probability (ranging from 0 to 1) was assigned
to each possible haplotype carried by an animal. For
example, if 2 copies of the same haplotype composed
the only possible haplotype couple, that haplotype
gained a final value of 2 because the animal was ex-
pected to carry 2 copies of the haplotype, each with a
probability of 1. The difference between the regression
coefficients for 2 haplotypes of interest estimates the
expected change in the phenotype of a given trait when
a copy of the second haplotype replaces a copy of the
first haplotype. Likewise, in the hypothetical situation
in which 2 animals differ by one haplotype only, the
difference between the estimated coefficients would cor-
respond to the expected difference in the phenotype of
the 2 animals for a given trait (Boettcher et al., 2004a).
Only additive effects of haplotypes were estimated and
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dominance effects were not considered. Sire effects were
included in the model to account for variation due to
polygenes underlying the investigated traits. Although
there were multiple daughter records per sire taken at
different stages of lactation, a random regression model
was not applicable because most sire families were of
limited size.

RESULTS AND DISCUSSION
Descriptive Statistics

Descriptive statistics for the investigated traits are
reported in Table 1. The difference between average
protein content assessed in the national milk record-
ing program and average protein content measured
by RP-HPLC was large. This must be ascribed to the
skimming of milk before chromatographic analysis and
to the specific gravity of milk. Indeed, protein content
assessed by HPLC was measured in weight per volume
whereas protein content, quantified in the milk record-
ing program, was measured in weight per weight. After
adjusting measures for skimming and specific gravity of
milk, averages of the 2 traits were comparable. Because
measures of protein content provided by mid-infrared
spectroscopy are predictions of CP content (including
the NPN fraction), higher values are to be expected
compared with RP-HPLC assessment (which does
not include NPN and minor protein fractions). Nev-
ertheless, RP-HPLC protein content was consistently
greater than measures obtained in the national milk
recording program. This is attributable to more favor-
able preservation conditions ensured for samples ana-
lyzed by RP-HPLC than for samples collected in the
milk recording program, and differences increased in
summer, when preservation of samples is more critical
(data not shown). Pearson product-moment correlation
between measures of milk protein content provided by
RP-HPLC and those obtained in the milk recording
program was 0.77.

Because of lack of NPN and minor serum proteins,
high values of casein number, ranging from 84 to 91%,
were observed. This was in agreement with results
reported by Heck et al. (2009), who used capillary elec-
trophoresis for the analysis of individual milk samples
of Dutch Holstein-Friesian cows.

Alleles and Haplotype Frequencies

Genotype and allele frequencies for CSN2, CSN3, and
BLG are presented in Table 2. To our knowledge, this is
the first time that such frequencies are computed based

on a large sample of Simmental cows. Four alleles (A,
A®, B, and 1) for CSN2, 2 alleles (A and B) for CSN3,
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Table 1. Descriptive statistics for milk production traits, protein fraction contents, and protein composition (n = 2,167)

Trait! Mean SD Minimum Maximum
Milk yield, kg/d 26.18 7.44 7.00 50.40
Fat yield, kg/d 1.02 0.32 0.22 2.62
Protein yield, kg/d 0.92 0.23 0.27 1.70
Fat, % 3.92 0.72 1.36 6.98
Protein, % 3.56 0.37 2.50 5.12
SCS 2.67 1.95 —2.05 10.34
Protein measured by reversed-phase HPLC?
Protein, g/L 38.78 4.54 19.58 59.16
Casein, g/L 33.88 3.40 16.92 51.76
Whey protein, g/L 4.91 0.71 2.58 7.63
Casein number, % 87.35 1.11 84.20 91.26
Protein fractions content, g/L
ag-CN 11.38 1.41 5.82 17.38
ag-CN 4.23 0.74 1.74 7.24
3-CN 12.99 2.02 5.99 22.83
~-CN 1.62 0.45 0.23 4.51
k-CN 3.66 0.85 1.29 6.84
a-LA 1.25 0.23 0.53 2.10
3-LG 3.66 0.61 1.76 6.13
Protein composition
ag-CN, % of total casein 35.61 2.65 28.00 45.46
ag-CON, % of total casein 12.11 1.60 5.39 18.36
B-CN, % of total casein 37.14 2.90 27.31 46.02
~-CN, % of total casein 4.68 1.33 0.77 12.56
k-CN, % of total casein 10.46 1.95 4.70 17.57
B-LG, % of total whey protein 74.49 3.79 61.25 87.38

1SCS = log,(SCC x 10°) + 3; casein = ag-CN + ag-CN 4 B-CN 4 ~-CN + k-CN; whey protein = B-LG + o-LA; protein = casein + whey

protein; casein number = (CN/protein) x 100.

*Contents of all protein fractions were measured by reversed-phase HPLC on skim milk.

and 3 alleles (A, B, and D) for BLG were present in
the sampled population. Nevertheless, milk proteins in
bovine species are affected by the presence of many
genetic variants (Caroli et al., 2009), which may create
further hidden variability.

Unlike other breeds in which some alleles at CN loci
have very high or very low frequencies, balanced allele

frequencies were detected at all investigated loci, par-
ticularly at CSN2 where the B allele showed a moderate
frequency (0.16). With the exception of CSNZ2 I, allele
frequencies were in good agreement with those reported
by Jann et al. (2004) for a sample of Simmental cows
of limited size. Almost 30% of animals carried at least
one copy of CSN2 B, and the frequency of CSN3 BB

Table 2. Genotype and allele frequencies for CSN2 (3-CN), CSN3 (k-CN), and BLG (B-LG) loci (n = 2,167)

Genotype frequency

Allele frequency

Locus Genotype Frequency Allele Frequency

CSN2 A’A? 0.362 A? 0.596
A'A? 0.224 Al 0.188
A’B 0.177 B 0.158
A'B 0.065 I 0.058
A% 0.064
A'A! 0.036
BB 0.025
BI 0.022
Al 0.019
11 0.006

CSN3 AA 0.438 A 0.652
AB 0.432 B 0.348
BB 0.130

BLG AB 0.466 A 0.543
AA 0.306 B 0.449
BB 0.213 D 0.008
AD 0.008
BD 0.007
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Table 3. Frequency of CSN2-CSN3 (3-k-CN) haplotypes (n = 2,016)

Haplotype Frequency
A’A 0.387
A’B 0.207
A'A 0.128
A'B 0.059
BA 0.119
BB 0.040
1A 0.016
1B 0.043

animals (n = 282) was rather high. Within the studied
genes, only CSN2 was in Hardy-Weinberg equilibrium
(P> 0.05).

Similar to results for other breeds (Tkonen et al., 2001;
Boettcher et al., 2004a), linkage disequilibrium between
CSN2 and CSN3 genes was detected (P < 0.001). Fol-
lowing haplotype reconstruction, 8 CSN2-CSNS haplo-
types, including all combinations between CSN2 and
CSN3 alleles, were identified. Haplotypes were assigned
with a probability of 1 to 1,493 cows (i.e., 74% of the
total). Haplotype frequencies (Table 3) were calculated
as the weighted mean of haplotype probabilities; thus,
all the animals were included in the computation. The
most frequent CSN2-CSN3 haplotype was A”A that
had a frequency of 39%. Haplotypes carrying allele
CSN2 B had a moderate frequency, whereas the rarest
haplotype was TA with a frequency of 1.6%.

Linkage disequilibrium was also detected (P < 0.001)
between CSN3 and BLG, which are located on differ-
ent chromosomes, and might be due to random drift.
To quantify linkage disequilibrium, the coefficient of
determination (r?) of the CSN3 and BLG variants, as
described by Hill and Robertson (1968), was computed.
Despite the statistically significant linkage disequilib-
rium, the overall r* for haplotypes including CSN3 and
BLG was <0.006.

BONFATTI ET AL.

Effect of CN Haplotypes and BLG Genotypes
on Milk Production Traits

Estimated effects exerted by CN haplotypes and
additive and dominance deviations at BLG for milk
production traits are reported in Tables 4 and 5, re-
spectively. All estimated effects are measured in stan-
dard deviation units of the trait to make across-trait
comparisons easy. With few exceptions, milk, fat, and
protein yield, and fat and protein content were not af-
fected by CN haplotypes or by BLG genotypes. In com-
parison with results for haplotype A”A, slight increases
(P < 0.05) of fat and protein content and protein yield
were observed in the presence of haplotype A'A, and
a slight increase (P < 0.05) of protein content was as-
sociated with haplotypes A’B and IB. These results
do not agree with those obtained by Boettcher et al.
(2004a) for Italian Holstein-Friesian and Brown Swiss
cows. Those authors reported an important effect of
CSN1S1 C on milk protein content. Hence, negligible
effects of CN haplotypes on protein content obtained in
our study might be ascribed to missing information on
CSN1S1 C.

With the exception of the CSNS§ effect on protein
content, results concerning effects of CN genes on milk
production traits are not consistent across studies and
breeds (Braunschweig et al., 2000; Ikonen et al., 2001;
Boettcher et al., 2004a). Bovenhuis et al. (1992) sug-
gested that associations between CN genes and milk
production traits are attributable to effects of linked
loci and not to direct effects of milk protein genes. Un-
der this assumption, associations between milk protein
genes and linked QTL might differ across breeds and
sire families and might explain inconsistencies across
studies. Possible QTL might be located in noncoding
regions (i.e., promoter regions), which are known to
play a role in protein expression, as well as at different
positions on BTAG6 such as OPN or ABCG2, which have

Table 4. Estimated effects (+SE) of CSN2-CSN3 (3-k-CN) haplotypes compared with haplotype A?A on
milk, protein, and fat daily yield, and fat and protein content (magnitude of effects is expressed in SD units

of traits)'

Haplotype Milk yield Protein yield Fat yield Protein content Fat content
A’A 0 0 0 0 0

A'A —0.022 + 0.041  —0.003 + 0.045 0.046 + 0.047 0.093 £ 0.042* 0.110 £ 0.051*
BA 0.070 £ 0.043 0.069 + 0.047 0.097 £ 0.049t  0.007 & 0.044 0.035 £ 0.054
IA —0.143 £ 0.134  —0.124 4+ 0.148 0.044 £ 0.155 0.098 £ 0.134 0.185 £+ 0.167
A'B —0.090 £ 0.059 —0.082 £ 0.065 —0.016 = 0.068 0.064 + 0.060 0.074 £ 0.074
A’B —0.043 £ 0.035 —0.016 £ 0.039 0.003 £ 0.041 0.090 + 0.037* 0.069 + 0.045
BB —0.060 £ 0.077  —0.051 £ 0.084 —0.026 + 0.088 0.051 £ 0.078 0.094 + 0.095
1B 0.029 + 0.068 0.103 £ 0.075 0.001 + 0.078 0.208 £ 0.069**  —0.043 + 0.085

'All measures were collected in the national milk recording program, and measures of yield and milk content
of protein and fat were derived from mid infrared predictions.

TP < 0.10, *P < 0.05, **P < 0.01.
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been associated with milk protein content (Schnabel et
al., 2005; Olsen et al., 2007).

Additive and dominance deviations at BLG were not
significant (P > 0.05) for milk production and protein
yield. Similar to results for CN genes, results for BLG
genotype effects on milk production traits are not
consistent across studies. Some authors (Lunden et al.,
1997; Ojala et al., 1997; Heck et al., 2009) reported
no association between BLG genotype and milk pro-
duction traits, whereas Ikonen et al. (1999b) reported
that genotype AA exerted favorable effects on milk and
protein yields, and genotype BB was associated with
increased milk fat content.

In a study evaluating the effect of genetic merit on
protein composition, Bobe et al. (2007) concluded that
there were small differences in milk protein composition
of cows of different genetic merit for milk yield and that,
as a consequence, selective breeding for increased yield
is not expected to affect composition of milk protein if
selection is carried out for a few generations only.

Estimated genetic correlations between protein yield
and concentrations of major milk proteins have been
reported to be low or very low, indicating that selection
for increased protein yield is expected to exert negli-
gible effects on protein composition (Schopen et al.,
2009). Expected outcomes of selection to enhance milk
protein content are a small increase in k-CN percentage
and slight decreases in ag;-CN and o-LA percentages,
whereas selection for increased milk yield is expected to
exert opposite effects on protein composition (Schopen
et al., 2009).

Effects of Casein Haplotypes on Protein, Casein,
Whey Protein, and Casein Number

Estimates of CN haplotype effects on PRT, TCN,
WH, and casein number are reported in Table 6. Un-
like effects on milk production traits, CN haplotypes
exerted significant effects on PRT and TCN content
measured by RP-HPLC. Estimated effects on PRT
were closely related to those obtained for TCN because
these 2 traits were tightly associated (Pearson product-
moment r = 0.99, P < 0.001). Variation in TCN was
ascribed to both CSN2 and CSNS3 gene effects. Hap-
lotypes carrying CSN8 B exhibited greater TCN and
casein number and no difference in WH compared with
haplotypes carrying CSN8 A. The effect of CSNS B
on TCN was not consistent across haplotypes. As an
example, haplotypes A'B and A'A exhibited no sig-
nificant difference in TCN content. Marked differences
in TCN and casein number due to CSN3 variants were
observed in association with CSN2 A? or B. Also, hap-
lotypes carrying CSN2 B showed increased TCN but
similar WH compared with haplotypes including other
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Table 5. Estimated additive and dominance deviations (+SE) at BLG
(B-LG) locus on milk, protein, and fat daily yield, and fat and protein
content (magnitude of deviations is expressed in SD units of traits)’

Trait? Additive deviation Dominance deviation
Milk yield 0.046 + 0.023} —0.039 + 0.032
Protein yield 0.045 4+ 0.026} —0.034 + 0.036
Fat yield 0.034 £+ 0.027 —0.025 + 0.037
Protein content —0.003 £ 0.024 0.001 £ 0.032
Fat content 0.004 £+ 0.030 0.038 + 0.040

'Additive deviation was computed as 0.5><([93LG BB—[}BLC )

where ﬁBL(; BB and ﬁBL(; 44 are model solutions for BLG BB and
AA genotypes, respectively; dominance deviation was computed as

ﬂBLG ap —0:5% (ﬂBLG s T ﬁb’LG AA)= where ﬂBLG 4B 1s the model solu-
tion for BLG AB genotype.

All measures were collected in the national milk recording program,
and measures of yield and milk content of protein and fat were derived
from mid infrared predictions.

P < 0.10.

CSN2 alleles. Conversely, Bobe et al. (1999) reported
no significant effect of milk protein genotypes on total
protein content measured by RP-HPLC.

Effects of Casein Haplotypes on Content
of Protein Fractions

Estimated effects of CN haplotypes on content of
milk protein fractions are reported in Table 7. Casein
haplotypes had marked effects on content of CN frac-
tions. In agreement with Hallén et al. (2008), CSN2
and CSNS3 alleles affected expression of the CN fraction
that the gene encodes and had limited effects on whey
protein fractions. A few studies investigated milk pro-
tein composition. Most of those studies considered CN
genotype effects (Ng-Kwai-Hang et al., 1987; Bobe et
al., 1999; Hallén et al., 2008), whereas only Heck et al.
(2009) analyzed effects of CN haplotypes. In that study,
only the glyco-free k-CN content was assessed because
the glycosylated form was not detectable. Coolbear et
al. (1996) reported that the amount of glycosylation for
k-CN B is much greater than that for k-CN A, indicat-
ing that the CSN3 B effect on content of k-CN might
have been underestimated in Heck et al. (2009).

In our study, the increased CN content (P < 0.001)
associated with haplotypes carrying CSN3 B is exclu-
sively attributable to a significant increase in k-CN
content, with no variation in content of other CN frac-
tions. Even though several authors (Van Eenennaam
and Medrano, 1991; Robitaille and Petitclerc, 2000;
Vachon et al., 2004) have reported allele-specific pro-
tein expression for CSN3, others (Ehrmann et al., 1997;
Hallén et al., 2008) have found no significant difference
in expression between CSN3 A and B. Robitaille and
Petitclerc (2000) tried to explain these inconsistencies
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Table 6. Estimated effects (+SE) of CSN2-CSN3 (3-k-CN) haplotypes compared with haplotype A*A on
protein, casein, and whey protein content, and casein number measured by reversed-phase HPLC (magnitude

of effects is expressed in SD units of traits)"

Haplotype Protein Casein Whey protein Casein number
A’A 0 0 0 0

A'A —0.063 £ 0.044 —0.056 £ 0.044 —0.086 £ 0.043* 0.056 % 0.044
BA 0.354 £ 0.047%%* 0.401 £ 0.047*** 0.009 + 0.046 0.467 £ 0.047%**
IA 0.183 + 0.140 0.223 £+ 0.140 —0.081 £ 0.137 0.432 + 0.138*
A'B 0.009 + 0.063 0.034 £+ 0.064 —0.130 £ 0.063* 0.238 £ 0.063***
A’B 0.219 + 0.039*** 0.252 £ 0.039%** —0.014 £ 0.038 0.316 £ 0.038***
BB 0.645 £ 0.081%*** 0.747 £ 0.082%** —0.078 £ 0.080 0.964 + 0.081***
1B 0.485 + 0.072%** 0.528 £ 0.073%** 0.133 £+ 0.071% 0.430 £ 0.072%**

"Protein = aig-CN + ag-CN + B-CN + ~-CN + k-CN + B-LG + a-LA; casein = ag-CN + ag-CN + B-CN
+ CN + k-CN; whey protein = 3-LG + o-LA; casein number = (CN/protein) x 100.

+P < 0.10; *P < 0.05; ***P < 0.001.

by suggesting that differential expression might arise
from effects of polymorphisms located in the noncoding
region of the gene.

Allele-specific differential expression was also de-
tected for CSN2. In agreement with previous investiga-
tions (Ng-Kwai-Hang et al., 1987; Hallén et al., 2008),
C'SN2 B had the effect of increasing 3-CN content, and
alternative CSN2 alleles had significant effects on the
same trait but of smaller magnitude than that exerted
by CSN2 B. The increased 3-CN content observed for
haplotypes carrying CSN2 B was associated with de-
creased content of ag-CN and, to a lesser extent, of
ago-CN. Effects of CSN2 B were also favorable for k-CN
content, whereas those on content of WH were trivial.

Compared with haplotypes carrying CSN2 A% haplo-
types containing CSN2 A' exhibited lower - and ogy-
CN and greater ag;- and k-CN content. A major effect
of CSN2 A" was a noticeable decrease in v-CN content.
The effect of CSN2 1 has never been estimated in pre-
vious studies and its role in the variation of protein
composition has never been reported. Results of this
study indicate that CSN2 I may exert positive effects
on expression of 3-CN compared with the most fre-
quent alleles, without altering content of other protein
fractions.

Casein haplotypes had small effects on WH. Bobe et
al. (1999) reported that CSN3 B did not affect a-LA
concentration, whereas Ng-Kwai-Hang et al. (1987)
and Heck et al. (2009) observed a slightly decreased
a-LA content associated with this allele. In our study,
a moderate positive effect of haplotype IB on 3-LG con-
tent was observed, which partially agrees with results
obtained by Bobe et al. (1999), who reported a slight
increase of 3-LG to total protein ratio associated with
CSNS B.

Effect of Casein Haplotypes on Protein Composition

Estimated effects of CN haplotypes on protein compo-
sition are reported in Table 8. Several studies (Lunden
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et al., 1997; Mayer et al., 1997; Robitaille et al., 2002)
reported a significant effect of CSNJ alleles on k-CN to
total CN ratio and a significant association of allele B
with increased k-CN percentage. As expected, all hap-
lotypes carrying CSN3 B had positive effects on k-CN
percentage (P < 0.001) compared with those carrying
CSN8 A. This result is consistent across studies (Van
Eenennaam and Medrano, 1991; Bobe et al., 1999; Heck
et al., 2009). Similar to results obtained for content of
milk protein fractions, the marked increase of k-CN
percentage associated with CSN3 B occurred at the
expense of all other CN fractions, with the exception
of 3-CN. A marked decrease of ag-CN relative content
in CN, associated with CSNS B, has been re