SRV
24 9. %
\NE
A7 /4

DU

J. Dairy Sci. 105:6001-6020
https://doi.org/10.3168/jds.2021-21421

© 2022, The Authors. Published by Elsevier Inc. and Fass Inc. on behalf of the American Dairy Science Association®.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Role of CSN2, CSN3, and BLG genes and the polygenic
background in the cattle milk protein profile

Nicold Amalfitano,™ ® Lucio Flavio Macedo Mota,’

and Giovanni Bittante'

Guilherme J. M. Rosa,?

Alessio Cecchinato,’

"Department of Agronomy, Food, Natural Resources, Animals and Environment (DAFNAE), University of Padova (Padua), 35020 Legnaro (PD),

Italy

2Department of Animal and Dairy Sciences, University of Wisconsin-Madison, Madison 53706

ABSTRACT

To devise better selection strategies in dairy cattle
breeding programs, a deeper knowledge of the role of
the major genes encoding for milk protein fractions is
required. The aim of the present study was to assess the
effect of the CSN2, CSN3, and BLG genotypes on indi-
vidual protein fractions (ag-CN, agy-CN, 3-CN, k-CN,
B-LG, a-LA) expressed qualitatively as percentages of
total nitrogen content (% N), quantitatively as contents
in milk (g/L), and as daily production levels (g/d).
Individual milk samples were collected from 1,264
Brown Swiss cows reared in 85 commercial herds in
Trento Province (northeast Italy). A total of 989 cows
were successfully genotyped using the Illumina Bovine
SNP50 v.2 BeadChip (Illumina Inc.), and a genomic re-
lationship matrix was constructed using the 37,519 SNP
markers obtained. Milk protein fractions were quanti-
fied and the 3-CN, k-CN, and 3-LG genetic variants
were identified by reversed-phase HPLC (RP-HPLC).
All protein fractions were analyzed through a Bayesian
multitrait animal model implemented via Gibbs sam-
pling. The effects of days in milk, parity order, and the
CSN2, CSN3, and BLG genotypes were assigned flat
priors in this model, whereas the effects of herd and
animal additive genetic were assigned Gaussian prior
distributions, and inverse Wishart distributions were
assumed for the respective co-variance matrices. Mar-
ginal posterior distributions of the parameters of inter-
est were compared before and after the inclusion of the
effects of the 3 major genes in the model. The results
showed that a high portion of the genetic variance was
controlled by the major genes. This was particularly
apparent in the qualitative protein profile, which was
found to have a higher heritability than the protein frac-
tion contents in milk and their daily yields. When the
genes were included individually in the model, CSN2
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was the major gene controlling all the casein fractions
except for k-CN, which was controlled directly by the
CSN3 gene. The BLG gene had the most influence on
the 2 whey proteins. The genetic correlations showed the
major genes had only a small effect on the relationships
between the protein fractions, but through comparison
of the correlation coefficients of the proteins expressed
in different ways they revealed potential mechanisms of
regulation and competitive synthesis in the mammary
gland. The estimates for the effects of the CSN2 and
CSN3 genes on protein profiles showed overexpression
of protein synthesis in the presence of the B allele in the
genotype. Conversely, the 3-LG B variant was associ-
ated with a lower concentration of 3-LG compared with
the 3-LG A variant, independently of how the protein
fractions were expressed, and it was followed by down-
regulation (or upregulation in the case of the 3-LG B)
of all other protein fractions. These results should be
borne in mind when seeking to design more efficient
selection programs aimed at improving milk quality for
the efficiency of dairy industry and the effect of dairy
products on human health.

Key words: milk protein profile, genetic parameter,
major genes, genetic variants

INTRODUCTION

The protein content of milk is one of the major
sources of variation in dairy industry profitability. In
fact, together with fat, it is the most important deter-
minant of milk price (Bailey et al., 2005; Atsbeha et al.,
2016). However, it is not only the total content of this
nutrient that affects industry profitability, but also its
composition. The milk protein profile is composed prin-
cipally of 4 casein fractions (ag-CN, ag-CN, 3-CN,
and k-CN) and 2 major whey proteins (3-LG and
a-LA). Previous studies have shown how qualitative
and quantitative variations in the milk protein profile
influence the coagulation pattern of milk and the final
cheese yield (Wedholm et al., 2006; Cipolat-Gotet et al.,
2018; Amalfitano et al., 2019). For example, increased
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contents of ag;-CN and k-CN were associated with the
rapid formation of a firm coagulum, the basis of a high
cheese yield; at the same time, higher contents and
relative concentrations of agy-CN and B3-LG negatively
influenced the coagulation process, resulting in greater
losses of nutrients in the whey.

Many factors lie behind these variations in the milk
protein profile, but the main one is genetic polymor-
phisms. In fact, it is well known that the genes encod-
ing for the 4 casein fractions are located in a short
genetic linkage group on a 250-kb region of chromo-
some 6. These genes are indicated and distributed in
this region as CSN1S1, CSN2, CSN1S2, and CSNS,
and they encode for ag;-CN, 3-CN, agy-CN, and k-CN,
respectively. The whey protein genes are located on
2 different chromosomes: the LGB gene encoding for
B-LG on chromosome 11, and the LAA gene encoding
for a-LA on chromosome 5 (Martin et al., 2002; Far-
rell et al., 2004; Caroli et al., 2009). All these loci are
characterized by high polymorphism, with each gene
having 3 to 12 variants. Variants of the same protein
fraction differ in their AA chains in the substitution
of one or more AA. These substitutions can lead to
physico-chemical changes in the protein properties
and also to different levels of protein expression. The
former is a qualitative change, such as 3-CN B, which
exhibits more net positive charges than the A' and A”
variants. Beta-casein is one of the major components
of casein micelles, and its less negatively charged B
variant could be associated with a lower repulsive force
between micelles during the clotting phase, facilitating
their aggregation (Mckenzie et al., 1984). The latter is
a quantitative change, and it occurs with the B variant
of k-CN. In fact, it is well known that k-CN B is as-
sociated with the overexpression of this protein fraction
in milk compared with the A variant (Tkonen et al.,
1997; Bobe et al., 1999; Hallén et al., 2008). The higher
level of k-CN caused by this variant can lead to faster
and stronger coagulation of the milk, as suggested in
previous works. Protein genetic variants also seem to
be connected to some effects on human health. In par-
ticular, 3-CN A' and B have been identified as precur-
sors of the bioactive peptide 3-casomorphin 7 (BCM-7);
this peptide has been investigated as risk factor for the
increasing incidence of ischemic heart disease and type
1 diabetes in ecological studies (Elliott et al., 1999;
Laugesen and Elliott, 2003; Birgisdottir et al., 2006)
and for general gastrointestinal discomfort in in vitro
and in vivo trials (Barnett et al., 2014; Fiedorowicz et
al., 2016; Milan et al., 2020). The proteolytic release
of BCM-7 has not been observed in variant A’ which
has been associated with other health benefits and also
considered to improve milk digestibility (Kaminski et
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al., 2007; Sebastiani et al., 2020). However, there is
still not enough clear scientific evidence to establish a
cause-effect relationship between the consumption of
BCM-7 and incidences of human diseases (De Noni et
al., 2009; Kiillenberg de Gaudry et al., 2019; Summer et
al., 2020). On the contrary, some recent studies suggest
possible beneficial effects of the oral administration of
BCM-7 on human health through the reduction of oxi-
dative stress (Yin et al., 2010; Zhang et al., 2013; Zhu
et al., 2018).

These effects on the cheese-making properties and
on human health have sparked interest in milk protein
genetic variants and their inclusion in the selection
criteria for the genetic improvement of dairy cattle
populations. This has led to many studies investigating
the effects of milk protein genotypes on protein fraction
concentrations in milk (Hallén et al., 2008; Bonfatti
et al., 2010; Gustavsson et al., 2014). However, before
including these traits into selection indices, it is im-
portant to understand the magnitude of the additive
genetic variance underlying each protein fraction and
the genetic relationships among them. Other studies,
therefore, have focused attention on the genetic vari-
ability of the protein fractions, and have estimated the
heritabilities of these traits and the correlations between
them (Schopen et al., 2009; Bonfatti et al., 2011; Gebr-
eyesus et al., 2016). However, genetic variations in the
milk protein profile are the result of the additive action
of the protein encoding genes and the remaining poly-
genic background of the animal (Bobe et al., 1999). Not
many studies have considered the genotypes of these
genes as a correction factor to assess the importance of
their role in the composition of the milk protein profile
compared with the polygenic background. Moreover,
in studying the protein fractions, the different ways of
expressing them, such as their relative proportions of
total milk nitrogen (% N), their total content in milk
(g/L), and their daily production (g/d), have not been
simultaneously taken into account.

The present work considered the yield, the total pro-
tein content, and the protein profile of milk from pure-
bred Brown Swiss cows. The protein profile included
all 6 major protein fractions and each was expressed
as % N, g/L, and g/d. We were also able to identify
the genotypes of 3 major milk protein genes (CSN2,
CSN3, and BLG). The aims of this study were (1) to
assess the relevance of the 3 major milk protein genes
on the relevance of the additive genetic variance and
heritabilities of each milk protein trait, and distinguish
the influence of these genes from the remaining poly-
genic background; (2) to estimate the genetic correla-
tions among the traits, and investigate the effects of the
major genes on them; and (3) to quantify the additive
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effects of the major gene alleles on the milk protein
profile.

MATERIALS AND METHODS
Herds, Animals, and Sample Collection

This study is part of the multidisciplinary project
Cowability-Cowplus. Milk samples were collected dur-
ing the evening milking from 1,264 Italian Brown Swiss
cows belonging to 85 commercial herds (maximum 15
cows/herd sampled). The herds were located in the
province of Trento in northeast Italy. Details of the
animals and the herds used in the study are reported
in Cecchinato et al. (2015). Two aliquots were collected
from the complete milking of each cow; the first 50-
mL aliquot was taken to the Milk Quality Laboratory
of the Trento Breeders Association (Trento, Italy) for
milk composition analysis in accordance with the milk
recording system, and the second 2.0-L aliquot was
transported to the Milk Laboratory of the Department
of Agronomy, Food, Natural Resources, Animals and
Environment of the University of Padova (Legnaro,
Padova, Italy) for processing into individual model
cheeses and to record milk coagulation properties
measurements within 20 h of collection. These data
have been described in previous studies (Bittante et
al., 2013, 2015; Cecchinato et al., 2013). In addition,
1.5 mL of milk was taken from the second aliquot and
immediately stored at —80°C until analysis by reversed-
phase HPLC (RP-HPLC).

Phenotypic and Genotypic Information

Milk composition traits were assessed from the 50-
mL aliquot of fresh milk using a MilkoScan FT6000
apparatus (Foss Electric A/S). The analysis yielded the
contents of 3 nitrogen compounds (protein, casein, and
urea), fat, and lactose. Milk total protein was deter-
mined as the content of CP in the milk (i.e., the content
of N multiplied by 6.38).

The contents of 4 casein fractions (ag;-CN, ago-CN,
B-CN, and k-CN) and 2 whey proteins (a-LA and
B-LG) were determined by validated RP-HPLC, as de-
scribed by Bonfatti et al. (2008); this method enabled
also the determination of the 3-CN (A', A% and B),
k-CN (A and B), and 3-LG (A and B) genetic variants,
but not of the ag-CN and ag-CN. Total casein was
defined as the sum of the 4 casein fractions, and total
whey protein as the sum of a-LA and 3-LG. To com-
bine the data obtained by Fourier-transform infrared
spectroscopy (total protein, casein, and urea) with the
data obtained by RP-HPLC (individual protein frac-
tions), the HPLC protein fractions were divided by the
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sum of all HPLC caseins and multiplied by the Fourier-
transform infrared spectroscopy milk casein contents.
Each milk protein fraction was then expressed as (1)
the percentage of the total milk nitrogen content (%
N), (2) g/L of milk, and (3) g/d of lactation.

A total of 1,050 cows were genotyped using the II-
lumina Bovine SNP50 v.2 BeadChip (Illumina Inc.).
Autosomal SNP markers exhibiting minor allele fre-
quencies lower than 0.05, a significant departure from
Hardy—Weinberg proportions (P < 107°), and a call rate
for markers and samples lower than 0.90 were removed.
A total of 989 animals with phenotypic information and
37,519 SNP markers remained in the genomic data set.

Statistical Analysis

Phenotypic data for milk protein fractions outside
the interval between + 3.5 standard deviations from
the mean for each herd were removed from the data
set. The normality of the data was assessed with the
Shapiro-Wilk test (data not shown).

The possible population structure of the genotyped
animals was assessed by principal component analysis
using the gaston R package (Perdry and Dandine-
Roulland, 2018). The animals clustered into 2 groups.
The first 2 components were included in the model as
co-variables to correct for potential population effect.

The (co)variance components and genetic parameters
were estimated by Bayesian inference in a multitrait
animal model considering genomic information on (1)
the milk protein fractions (ag-CN, ag-CN, B-CN,
k-CN, a-LA, and 3-LG) expressed as % N; (2) total
protein and milk protein fractions expressed as g/L,
and (3) milk yield in kg/d and milk protein fractions
expressed as g/d, separately, according to the following
model:

where y is the matrix for total protein, milk yield, and
milk protein fractions expressed in g/L, g/d, and % N;
B is the vector of fixed effects including days in milk (6
classes: class 1, less than 60 d; class 2, 60—120 d; class 3,
121-180 d; class 4, 181-240 d; class 5, 241-300 d; class
6, more than 300 d), parity of the cow (4 classes: 1, 2,
3, >4), and the first 2 principal components as linear
co-variables to correct for population substructures; h
is the random effect of herd, and a is the vector of
additive genetic effects; X, W, and Z are incidence ma-
trices relating y to effects in @, h, and a, respectively.
This was the base animal model; in a second model the
B-CN (CSN2), k-CN (CSN3), and 3-LG (BLG) geno-
types were also included separately as fixed effects to
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estimate their individual effects; in a third model, these
genotypes were included together as fixed effects.

The additive genetic and residual effects were as-
sumed to be mnormally distributed, described as
a={a;}~MN(0,, ® G) and e = {e;} ~-MN(0,Z, ®1), re-
spectively, where

a1 Ual,n
¥, = :
2
Jal,n Oan
and
2
Oe1 Uel,n
Y =
Jel,n Oen

are the additive genetic and the residual (co)variance
matrices, I is an identity matrix, and G is a genomic
relationship matrix. The G matrix was constructed as
follows (VanRaden, 2008): G = MM’'q where M is the
SNP matrix coded as 0, 1, and 2 for genotypes AA, AB,
and BB, respectively, and ¢ is a weighting factor given

as ¢=1 Z2pj (1—pj), where p; is the second allele
j=1
frequency of the jth SNP marker.

Given the model specifications, the distribution of y
given the random effects and residual (co)variance ma-
trix is  multivariate  normal,  described as
y |8,h,a,%, ~ MVN (X3 + Wh + Za, ¥, ®I). This was
the adopted sampling model on the first stage of
the Bayesian hierarchical implementation. On a
second stage, the previously described multivariate
normal distributions were assumed for h and a.
To complete the Bayesian model specification, a flat
prior was assumed for the fixed effects [i.e., p(B) x
constant], and inverse Wishart distributions were
assumed for the genetic and residual (co)variance
matrices, expressed as ¥, |v,,S, ~IW(v,,v,S,) and
S| verSe ~ IW(v,,v,S,), respectively.

Samples of the joint posterior distribution of the
model parameters were obtained by Gibbs sampling
algorithm implemented in the GIBBS1F90 program
(Misztal et al., 2018). The posterior analysis consisted
of a single chain of 1,000,000 cycles after a burn-in of
100,000 iterations, with samples stored at every 10 cy-
cles. Convergence was evaluated through visual inspec-
tion and using the Bayesian Output Analysis (Smith,
2007) and Geweke test (Geweke, 1992).
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RESULTS
Descriptive Statistics of the Protein Profile

Table 1 presents descriptive statistics of the Brown
Swiss milk yield, total protein, and protein profile.
Briefly, the population presented an average milk yield
of almost 25 kg/d, with a CV of 29%, and a total pro-
tein concentration of 36.7 g/L, with a CV of 11%. The
most abundant protein fraction was 3-CN (32.1% N),
followed by ag;-CN (25.8% N). The relative concentra-
tions of ag-CN and k-CN were smaller and similar
(9.0 and 9.8% N, respectively). The CV of the casein
fractions with higher relative concentrations were 6
to 7%, and around 9 to 11% for those with the lowest
concentrations. The (3-LG had a relative concentra-
tion of 8.6% N and a CV of almost 15%, and o-LA
about 2.4% N with a CV of 17%. To calculate their
contents in milk (g/L), the protein fractions expressed
as % N were multiplied by the total protein content
of each milk sample. Regarding the added variability
of total protein, the CV of the protein fractions were
higher when expressed as g/L than when expressed
as % N. This was also the case when the proteins
in g/L. were multiplied by the milk yield to obtain
their daily production levels (g/d). With the HPLC
method validated by Bonfatti et al. (2008) it was pos-
sible to identify the following genotypes: for the 3-CN
we found A'A® (96 cows), A'B (22 cows), A’A* (592
cows), A’B (253 cows), and BB (18 cows) genotypes;
for the k-CN AA (48 cows), AB (354 cows), and BB
(579 cows); for the B-LG AA (107 cows), AB (424
cows), and BB (450 cows).

Genetic Parameters and the Role of the Major Genes

Table 2 presents the posterior means and standard
deviations (between parentheses) of additive genetic
and intraherd heritability (h?) for the

relative proportions of the protein fractions (% N) ob-
tained from an animal model before (base model) and
after correction for the CSN2, CSN3, and BLG gene
polymorphisms. The genes were included in the model
one at a time (+ CSNZ2, + CSN3, or + BLG) or all
together (+ CSN2-CSN3-BLG). The main effect of cor-
rection for the major gene genotypes was a reduction in
the genetic variance (A%c¢?) and, as a consequence, in
the heritability (A%h?) for all the traits considered.
This reduction represents the quota of the genetic vari-
ance explained by the major genes, whereas the remain-
ing portion is that controlled by the residual polygenic
background of the cow. It is worth mentioning that,
compared with the original formula of the heritability

variance (03 ) ,
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[hz _ ‘72

5 | the correction for the 3 major genes re-
o, +o,

duces the genetic variance present at the numerator
and at the denominator of the equation, resulting in a
new reduced heritability formula. This leads to a lower
reduction of the h? compared with the reduction of the
genetic variance.

This qualitative protein profile showed a moderate-
high heritability, which was slightly higher for the ca-
sein fractions than for the whey proteins. In particular,
the genetic variance in the casein fractions explained
by the 3 major genes together was very high, ranging
from —73% for aigy>-CN to —91% for 3-CN, and caused
a reduction in the heritabilities ranging from —45% for
age-CN and k-CN to —68% for 3-CN. This means that
the remaining polygene effect is responsible for only 9%
of the genetic variance in 3-CN, and 27% of the genetic
variance in agy-CN. The 3 major genes explained the
same quota of genetic variance in both whey proteins
(about —68%), but after correction 3-LG showed a re-
duction in heritability of —42%, and a-LA a reduction
of only —8%. This is explained by a considerable drop
also in the residual phenotypic variance after inclusion
of the major genes in the model. When included in
the model individually, the sum of the genetic variance
explained by the single genes was equal to the genetic
variance explained when they were included together.
Correction for the CSN2 genotype resulted in a greater
reduction in the genetic variance in the casein fractions
than the other genes did in almost all the fractions,
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except for k-CN, which was influenced more by its en-
coding CSN8 gene. The whey protein a-LA was also
influenced more by the CSN2 gene, whereas 3-LG was
mainly affected by its encoding BLG gene.

As can be seen from Table 3, which shows the results
for milk contents (g/L), total protein had a moderate-
high heritability, but seemed to be much less affected
by the major genes and much more controlled by the
residual polygenic component compared with its com-
position. In fact, —22% of the genetic variance was
explained by the genotypes, and only —14% of herita-
bility loss. Comparing the quantitative and qualitative
protein profiles, we found the initial heritability (no
major genes included) of the protein fractions in g/L to
be similar to their relative proportions (except 3-CN,
from 0.79-0.59), but the major genes had less of an
influence on the genetic variance, due to an effect of
dilution after the multiplication for total protein con-
tent. The only exception was the k-CN content, for
which the portion of the genetic variance explained by
the major genes was similar to its relative proportion
(—86 vs. —84%). The other caseins ranged from —48%
for ag-CN to —69% for 3-CN, whereas the whey pro-
teins ranged from —44% for B-LG to —55% for a-LA.
The heritability estimates were also less affected by the
correction for the major genes. When the genes were
tested individually, CSN2 still had the greatest influ-
ence on all the casein fractions except k-CN, for which
the CSNS gene was more important. The BLG gene,
on the other hand, was responsible for more genetic
variance in both whey proteins than the other genes.

Table 1. Descriptive statistics for milk protein profile in Brown Swiss cattle

Trait n Mean SD Minimum Maximum CV (%)
Protein fraction proportions (% N)
ag-CN 933 25.75 1.64 21.48 30.04 6.4
ag-CN 907 9.00 1.07 6.54 11.25 9.7
3-CN 919 32.07 2.14 27.53 38.21 6.7
k-CN 926 9.76 1.07 6.01 12.35 11.0
a-LA 905 2.37 0.41 1.38 3.63 17.3
B-LG 901 8.64 1.28 5.44 12.25 14.8
Milk contents (g/L)
Total protein 951 36.70 4.10 25.80 58.10 11.2
ag-CN 928 9.40 1.11 6.53 12.41 11.8
gy-CN 926 3.32 0.54 2.08 4.81 16.3
3-CN 959 11.75 1.32 8.48 15.43 11.2
k-CN 903 3.73 0.83 1.86 5.20 15.5
a-LA 943 0.85 0.15 0.43 1.28 17.6
B-LG 925 3.13 0.62 1.45 4.94 19.8
Daily yields (g/d)
Milk yield (kg/d) 952 24.9 7.2 10.1 45.3 29.1
ag-CN 956 228.0 62.1 80.9 412.6 27.3
ag-CN 938 82.5 24.3 27.2 150.3 29.5
3-CN 920 288.7 74.6 103.8 497.6 25.8
k-CN 949 84.0 24.7 25.5 150.7 29.4
a-LA 916 21.1 7.5 4.0 43.6 35.4
B-LG 929 76.9 23.8 15.1 148.0 31.0

1g/ d: grams of protein secreted per day; % N: percentage of nitrogen; g/L: grams per L of milk.
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The daily yields are shown in Table 4. The heritabil-
ity of milk yield was lower (0.14), and the genetic vari-
ance explained by the 3 major genes was slightly higher
than that of total protein (A%ai of —27 vs. —22%).

The daily yields of the protein fractions had lower heri-
tabilities than their contents in milk, but the quotas of
the genetic variance explained by the major genes to-
gether were similar in size. The effect of the genes on
the heritability was again lower, indicating an increase
in the residual phenotypic variance explained by them.
With regard to the individual effects of the major
genes, again the CSN2 gene exerted the greatest influ-
ence on caseins, and the BLG gene the greatest influ-

Table 2. Posterior means (SD) of additive genetic variances (a )
N) using animal models not considering (base model) or considering

fraction proportions of total nitrogen (%
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ence on whey proteins. The BLG and CSNS3 genes ex-
plained a similar portion of genetic variance only in

k-CN.
Genetic Correlations

Figure 1 shows the additive genetic correlations be-
tween the individual protein fractions and milk yield
(A) or total protein (B). The negative correlations are
indicated in red, the positive correlations in green.
The darker colors indicate the correlations before the
inclusion of the 3 major genes in the model, the paler
colors the correlations after inclusion. The correlations

and heritabilities (h?) for milk protein

the B-CN (CSN2), k-CN (CSN3), and 3-LG (BLG) polymorphisms as fixed effects one at a time or all together

(CSN2-CSN3-BLG)

Genetic parameter Variation®

Trait! Animal model 2 h? A%a? A%h?
OLSl-CN

Base model 1.33 (0.057) 0.59 (0.018)

+ CSN2 0.88 (0.064) 0.45 (0.018) —34 —24

+ CSN3 0.98 (0.078) 0.47 (0.039) —26 —20

+ BLG 1.03 (0.050) 0.49 (0.033) —23 ~17

+ CSN2-CSN3-BLG 0.23 (0.043) 0.23 (0.045) —83 —61
Otsz-CN

Base model 0.30 (0.037) 0.31 (0.019)

+ CSN2 0.22 (0.033) 0.24 (0.026) —o7 —93

+ CSN3 0.22 (0.014) 0.27 (0.037) —25 —13

+ BLG 0.24 (0.020) 0.28 (0.052) —21 ~10

+ CSN2-CSN3-BLG 0.08 (0.026) 0.17 (0.010) —73 —45
3-CN

Base model 3.43 (0.102) 0.79 (0.017)

+ CSN2 1.62 (0.102) 0.49 (0.044) 53 -38

+ CSN3 2.63 (0.096) 0.63 (0.055) —23 —20

+ BLG 2.92 (0.031) 0.71 (0.013) 15 ~10

+ CSN2-CSN3-BLG 0.31 (0.037) 0.25 (0.018) —-91 —68
k-CN

Base model 0.67 (0.102) 0.60 (0.020)

+ CSN2 0.49 (0.083) 0.53 (0.023) 33 ~12

+ CSN3 0.41 (0.018) 0.41 (0.030) -39 —32

+ BLG 0.59 (0.043) 0.59 (0.030) ~12 —2

+ CSN2-CSN3-BLG 0.11 (0.021) 0.33 (0.031) —84 —45
o-LA

Base model 0.03 (0.001) 0.25 (0.008)

+ CSN2 0.02 (0.005) 0.25 (0.015) ~33 —2

+ CSN3 0.03 (0.003) 0.24 (0.021) —10 -3

+ BLG 0.02 (0.011) 0.24 (0.041) —93 -3

+ CSN2-CSN3-BLG 0.01 (0.003) 0.23 (0.025) —67 -8
B-LG

Base model 0.68 (0.080) 0.53 (0.014)

+ CSN2 0.55 (0.081) 0.46 (0.021) —19 —13

+ CSN3 0.55 (0.043) 0.49 (0.049) —19 —8

+ BLG 0.48 (0.040) 0.42 (0.037) —29 —921

+ CSN2-CSN3-BLG 0.22 (0.026) 0.31 (0.036) —68 —42

"Milk protein fractions are expressed as percentage of the total N content in milk.

ZA%JZ = proportion of the genetic variance lost from the base model after the inclusion of the 3 major genes
one at a time or all together; A%h* = proportion of the heritability lost from the base model after the inclusion

of the 3 major genes one at a time or all together.
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and heritabilities (h?) for total protein and

protein fraction contents in milk (g/L) using animal models not considering (base model) or considering the
B-CN (CSN2), k-CN (CSN3), and B-LG (BLG) polymorphisms as fixed effects one at a time or all together

(CSN2-CSN3-BLG)

Genetic parameter Variation®

Trait' Animal model ol h? A%o?  A%R?
Total protein

Base model 0.43 (0.075) 0.44 (0.068)

+ CSN2 0.41 (0.079) 0.42 (0.074) -5 -5

+ CSN3 0.40 (0.081) 0.43 (0.074) —6 -2

+ BLG 0.39 (0.083) 0.41 (0.080) -9 -7

+ CSN2-CSN3-BLG 0.34 (0.083) 0.38 (0.071) —22 —14
OLSI-CN

Base model 0.52 (0.013) 0.57 (0.021)

+ CSN2 0.40 (0.026) 0.51 (0.013) —23 ~11

+ CSN3 0.45 (0.034) 0.53 (0.021) —13 -7

+ BLG 0.46 (0.032) 0.51 (0.018) ~12 ~11

+ CSN2-CSN3-BLG 0.27 (0.014) 0.41 (0.032) —48 —28
OLSTCN

Base model 0.06 (0.008) 0.29 (0.011)

+ CSN2 0.04 (0.003) 0.26 (0.025) -33 ~10

+ CSN3 0.06 (0.024) 0.26 (0.017) -8 —10

+ BLG 0.06 (0.034) 0.27 (0.026) -8 -7

+ CSN2-CSN3-BLG 0.03 (0.011) 0.21 (0.029) —50 —28
8-CN

Base model 0.84 (0.007) 0.59 (0.022)

+ CSN2 0.49 (0.018) 0.47 (0.046) —42 ~20

+ CSN3 0.70 (0.029) 0.56 (0.012) —17 -5

+ BLG 0.75 (0.024) 0.53 (0.039) —11 ~10

+ CSN2-CSN3-BLG 0.26 (0.025) 0.38 (0.021) —69 —36
k-CN

Base model .36 (0.009) 0.56 (0.012)

+ CSN2 26 (0.007) 0.47 (0.011) —28 ~16

+ CSN3 .22 (0.014) 0.44 (0.036) -39 —22

+ BLG 29 (0.047) 0.52 (0.018) ~19 -7

+ CSN2-CSN3-BLG .05 (0.013) 0.31 (0.045) —86 —45
a-LA

Base model 0.004 (0.0003)  0.23 (0.009)

+ CSN2 0.004 (0.0003) 0.2 (0.021) ~14 -2

+ CSN3 0.004 (0.0007) 0.23 (0.035) —16 -2

+ BLG 0.003 (0.0007)  0.21 (0.034) —925 -9

+ CSN2-CSN3-BLG 0.002 (0.0010) 0.20 (0.042) —55 —13
B-LG

Base model 8 (0.003) 0.53 (0.011)

+ CSN2 6 (0.017) 0.48 (0.014) —11 -9

+ CSN3 6 (0.026) 0.49 (0.011) —11 -8

+ BLG 14 (0.025) 0.47 (0.023) —22 —11

+ CSN2-CSN3-BLG 0.10 (0.008) 0.38 (0.031) —44 —28

"Milk protein fractions are expressed as a percentage of the total N content in milk.

ZA%az = proportion of the genetic variance lost from the base model after the inclusion of the 3 major genes
one at a time or all together; A%h* = proportion of the heritability lost from the base model after the inclusion

of the 3 major genes one at a time or all together.

between the protein fractions in g/L and milk yield
were all negative, ranging from —0.25 to —0.41, except
for ag-CN, which had a correlation of 0.28 (Figure
1A). As shown in Figure 1B, total protein correlated
negatively with almost all the protein fractions in %
N, except k-CN and (-LG, ranging from —0.23 for agy-
CN to —0.48 for a-LA; the positive correlations were
around 0.20. Correction for the genotypes of the genes
had a small effect on the magnitude of genetic correla-
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tions, in particular increasing or decreasing the entity
of the correlation but not changing their initial sign. In
the case of the correlation between total protein and
k-CN in % N, correction for the major genes almost
canceled out the estimate, making the proportion of
k-CN independent of the total protein content in milk.

Table 5 shows the additive genetic correlations be-
tween the protein fractions before (above the diagonal)
and after (below the diagonal) correction for the geno-
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types of the CSN2, CSN3, and BLG genes. Regarding
the relative proportions of the protein fractions, we can
see that almost all the proteins were negatively cor-
related with 3-CN, except o-LA (0.28). All the others
correlated positively with each other. Only k-CN was
negatively correlated with 3-LG (—0.39). In terms of
milk contents, likewise almost all the protein fractions
were negatively correlated with (-CN, except (3-LG

6008

(0.18). For daily yields, however, all the correlations
were positive, except between k-CN and 3-CN (—0.36).
After correction for the major genes, the matrix of the
protein fraction correlations did not change substan-
tially, with only a few exceptions, for example, the
correlation between 3-CN and ag-CN in g/L changed
from —0.31 to 0.21. There were other potential differ-
ences, but the standard deviations were often high.

Table 4. Posterior means (SD) of additive genetic variancescgag and heritabilities (h?) for milk yield (kg/d)

and milk protein fraction daily yields (g/d) using animal mo

els' not considering (base model) or considering

the 3-CN (CSN2), k-CN (CSN3), and B-LG (BLG) polymorphisms as fixed effects one at a time or all together

(CSN2-CSN3-BLG)

Genetic parameter Variation®

Trait' Animal model o h? A%o?  A%h?
Milk yield

Base model 2.99 (0.36) 0.14 (0.019)

+ CSN2 2.71 (0.41) 0.13 (0.054) -9 —7

+ CSN3 2.74 (0.33) 0.13 (0.051) -8 -7

+ BLG 2.72 (0.28) 0.13 (0.041) —9 12

+ CSN2-CSN3-BLG 2.18 (0.59) 0.12 (0.027) —o7 ~26
ag-CN

Base model 325 (11.3) 0.26 (0.016)

+ CSN2 235 (8.3) 0.24 (0.096) o8 -8

+ CSN3 297 (15.3) 0.25 (0.057) -9 —6

+ BLG 277 (11.1) 0.24 (0.067) 15 10

+ CSN2-CSN3-BLG 159 (11.7) 0.20 (0.054) —51 —23
ag-CN

Base model 53 (1.3) 0.21 (0.013)

+ CSN2 31 (0.2) 0.20 (0.009) —41 -5

+ CSN3 43 (1.4) 0.20 (0.069) ~18 -5

+ BLG 49 (1.7) 0.20 (0.057) —4 -5

+ CSN2-CSN3-BLG 19 (1.4) 0.18 (0.048) —63 ~14
B-CN

Base model 590 (12.4) 0.22 (0.009)

+ CSN2 359 (12.6) 0.20 (0.055) -39 -9

+ CSN3 565 (14.9) 0.22 (0.084) —4 —2

+ BLG 490 (15.8) 0.21 (0.088) —17 -3

+ CSN2-CSN3-BLG 235 (17.4) 0.19 (0.052) —60 —14
k-CN

Base model 148 (9.7) 0.29 (0.017)

+ CSN2 124 (2.2) 0.27 (0.036) ~16 -7

+ CSN3 107 (2.0) 0.26 (0.081) —o7 ~12

+ BLG 105 (2.5) 0.28 (0.061) —29 -2

+ CSN2-CSN3-BLG 41 (2.4) 0.23 (0.061) —72 —21
o-LA

Base model 6 (1.10) 0.24 (0.039)

+ CSN2 5 (0.01) 0.22 (0.014) ~15 -8

+ CSN3 5 (0.15) 0.22 (0.053) ~13 ~10

+ BLG 4 (0.16) 0.22 (0.047) —24 -7

+ CSN2-CSN3-BLG 3 (0.60) 0.18 (0.052) —52 —25
B-LG

Base model 100 (2.0) 0.39 (0.017)

+ CSN2 81 (1.2) 0.37 (0.031) ~19 -5

+ CSN3 93 (1.8) 0.36 (0.089) —6 -7

+ BLG 77 (2.0) 0.35 (0.067) —23 11

+ CSN2-CSN3-BLG 52 (2.6) 0.30 (0.056) —48 —23

"Milk protein fractions are expressed as percentage of the total N content in milk.

*A%0? = proportion of the genetic variance lost from the base model after the inclusion of the 3 major genes
one at a time or all together; A%h* = proportion of the heritability lost from the base model after the inclusion

of the 3 major genes one at a time or all together.
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Effects of the 3-CN Genotypes on Milk Yield
and the Protein Profile

Figure 2 shows the contrasts between the estimated
effects of the CSN2 genotypes on milk protein frac-
tions expressed as % N (A), g/L (B), and g/d (C).
In particular, these contrasts reflect the differences
between all the genotypes found in the present popula-
tion (BB, A'B, and A'A?) and the A’A® genotype. This
genotype was taken as the reference in the contrasts
because A had been identified as the ancestral variant
of the CSN2 gene. Negative and positive differences
are shown in red and green, respectively. The asterisks
indicate that almost all the contrasts differed signifi-
cantly from zero.

As Figure 2 shows, the BB genotype of CSN2 signifi-
cantly increased the 3-CN content compared with the
reference A’A” in terms of relative proportions, milk
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contents, and daily yields. Milk yield was also higher
with the BB genotype (+1.0 kg/d). Correspondingly,
the BB genotype reduced the proportions, milk con-
tents, and daily productions of all the other protein
fractions and the total protein content of the milk. Their
heterozygote A’B was generally intermediate between
the 2 homozygotes, indicating an additive effect of the
alleles. However, some of the values of the heterozygote
also indicated nonadditive effects, as in the daily yields
of ag;-CN, where there was a significant overdominance
of the B allele linked to an overdominance on daily milk
yield.

Unfortunately, in the population studied only 4
animals had the A'A' genotype for the CSN2 gene,
and they were therefore not included in the statistical
analysis. However, the heterozygotes A'B and A'A? can
help in comparing the A' variant with the A* and B
variants. The contrasts between A’B or A'A* and the

AN Without genotype effects

A
) -0.50

-0.40 -0.30 -0.20
aS1-CN
aS2-CN

B-CN

k-CN
o-LA

B-LG

B)

-0.60 -0.50 -0.40 -0.30 -0.20

aS1-CN !

aS2-CN

B-CN
K-CN
o-LA =

B-LG

With genotype effects
-0.10

0.00 0.10

0.20

0.30 0.40

-0.10  0.00 0.10 0.20 0.30 0.40

Figure 1. Posterior means and SD of additive genetic correlations (A) between the daily milk yield (kg/d) and the milk protein fractions
(g/L) and (B) between the total milk protein content (g/L) and the proportions of milk protein fractions on total nitrogen (% N) estimated
without (dark color) and considering (light color) genotype effects for CSN2, CSNS8, and BLG genes in Brown Swiss.
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reference A®A” reveal the effect of substituting the B
allele with the A'. Starting with the proportion of ag;-
CN, shown in Figure 2A, substituting the B allele with
the A' shifted the contrast from negative to slightly
positive, and put the A' variant closer to the A* vari-
ant. Moreover, the substitution in both the A* alleles in
the A'B contrast yielded a value intermediate between
the other 2 contrasts, indicating an additive effect be-
tween the alleles. This analysis shows the A' variant
to behave similarly to the A® in decreasing the relative
proportion and content of 3-CN in milk and increasing
all the other fractions. When the protein fractions are
expressed as daily yield, the A' variant seemed always
to have the same effect as the A* variant. However, in
this case A'B was often the lowest genotype, probably
because it was characterized by a lower milk yield than
the others.

Effects of the k-CN Genotypes on Milk Yield
and the Protein Profile

Figure 3 shows the contrasts of the estimated effects
of the CSN& genotypes on the milk protein fractions
expressed as % N (A), g/L (B), and g/d (C). In par-
ticular, these contrasts show the differences between
the AA or AB genotypes and the BB genotype, taken
as the reference. The asterisks indicate that almost all
the contrasts were significantly different from zero.

Looking at Figure 3, it is clear that the k-CN relative
proportion and content in milk, and daily yield, and
also the total protein content were lower in the AA

Table 5. Posterior mean (SD) for the highest density posterior interval
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genotype of k-CN than in the BB genotype. Conversely,
all the other protein fractions, particularly 3-CN, were
higher in the AA genotype, and there was no differ-
ence in terms of milk yield. Analysis of the contrasts
between the AB and BB genotypes revealed that the
difference between the heterozygote and the homozy-
gote was often close to half the difference between the
homozygotes, placing the AB genotype in an intermedi-
ate position between the homozygotes, suggesting that
the alleles show additive effects.

Effects of the B-LG Genotypes on Milk Yield
and the Protein Profile

Figure 4 presents the contrasts of the estimated ef-
fects of the BLG genotypes on the milk protein frac-
tions expressed as % N (A), g/L (B), and g/d (C). In
particular, these contrasts show the differences between
the AA or AB genotypes and the BB genotype, taken
as the reference. The asterisks indicate that most of the
contrasts were significantly different from zero.

Looking at Figure 4, we can see that the genotypes
influence many protein fractions in different ways
depending on how they are expressed. In general, the
relative proportions, contents in milk, and daily yields
of B-LG and ag-CN were higher in the AA genotype
than in the BB genotype. Conversely, the proportion of
all the other protein fractions, except 3-CN, were lower.
As the BB genotype was associated with an increase
in the total protein content of milk, the 3-CN content
was also higher, and only the a-LA content was signifi-

of additive genetic correlations for the milk protein fractions estimated

without (above diagonal) and considering (below diagonal) genotype effects for CSN2, CSN3, and BLG genes in Brown Swiss

Trait ag-CN ag-CN B-CN k-CN a-LA B-LG
Protein fraction
proportion (% N)
as1-CN 0.62 (0.063) —0.73 (0.005) 0.59 (0.043) 0.41 (0.024) 0.26 (0.017)
ag-CN 0.37 (0 097) — —0.49 (0 047) 0.39 (0.064) 0.69 (0.022) 0.25 (0.019)
B-CN ~0.58 (0.021) —0.41 (0.176) —0.79 (0.027) 0.28 (0.017) ~0.25 (0.009)
k-CN 0.57 (0.016) 0.42 (0.102) 70 62 (0 016) — 0.16 (0.026) —0.39 (0.015)
a-LA 0.48 (0.091) 0.57 (0.147) 08 (0.024) —0.09 (0.013) — 0.41 (0.022)
B-LG 0.11 (0.015) 0.26 (0.065) - 29 (0.051) —0.44 (0.077) 0.48 (0.023) —
Milk contents (g/L)
ag-CN — 0.74 (0.051) —0.31 (0.009) 0.55 (0.025) 0.45 (0.044) 0.57 (0.009)
g-CN 0.78 (0.072) — ~0.25 (0.029) 0.36 (0.043) 0.73 (0.201) 0.35 (0.017)
8-CN 0.21 (0.009) —0.37 (0.09) — —0.49 (0.034) —0.17 (0.03) 0.18 (0.006)
k-CN 0.69 (0.059) 0.48 (0.065) —0.45 (0.047) — 0.23 (0.045) 0.34 (0.009)
a-LA 0.59 (0.075) 0.79 (0.072) 70 11 (0.037) 0.33 (0.021) — 0.44 (0.064)
3-LG 0.69 (0.094) 0.46 (0.054) 40 (0.053) 0.61 (0.041) 0.57 (0.013) —
Daily yield (g/d)
a5 -CN — 0.81 (0.037) 44 (0.019) 0.52 (0.013) 64 (0.033) 0.61 (0.013)
ag-CN 0.70 (0.005) — 38 (0.019) 0.41 (0.093) 0 71 (0.0653) 0.50 (0.055)
B-CN 0.41 (0.007) 0.36 (0.012) — —0.36 (0.0219) 46 (0. 023) 0.31 (0.038)
k-CN 0.50 (0.031) 0.40 (0.029) 70 35 (0.017) — 11 (0.015) 0.38 (0.029)
a-LA 0.59 (0.049) 0.69 (0.031) 42 (0.038) 0.10 (0.024) — 0.59 (0.057)
B-LG 0.58 (0.051) 0.45 (0.05) .28 (0.022) 0.34 (0.026) 0.52 (0.058) —
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Figure 2. Contrasts of estimated effects for CSN2 (B-CN) genotype on milk protein fraction content expressed in % N (A), g/L (B), and
g/d (C) and on total milk protein (TP), and daily milk yield (MY). Homozygote genotype A2A2 is taken as reference. Asterisks represent the
significance test. ***P < 0.001 for 95% of the highest posterior density (HPD95) of each genotype with respect to reference genotype.
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cantly lower. Lastly, as the AA genotype was associated gene, the alleles of the BLG gene showed an additive
with a decrease in daily milk yield (—0.4 kg/d), the effect only in the case of their effects on 3-LG, whereas
daily production of all protein fractions was lower, with all the other fractions were characterized by significant
the exception of 3-LG and agy-CN. Unlike the CSNS nonadditive effects.

Al AA AB
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Kk-CN xk
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B-LG

-45 -40 -35 -30 -25 20 -15 -10 -05 00 05 1.0 1.5 20 25 3.0
Total protein, %N
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Daily production, g/d

Figure 3. Contrasts of estimated effects for CSN3 (k-CN) genotype on milk protein fraction content expressed in % N (A), g/L (B), and g/d
(C) and on total milk protein (TP), and daily milk yield (MY). Homozygote genotype BB is taken as reference. Asterisks represent the signifi-
cance test. **P < 0.01 and ***P < 0.001 for 95% of the highest posterior density (HPD95) of each genotype with respect to reference genotype.
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Figure 4. Contrasts of estimated effects for BLG (3-LG) genotype on milk protein fraction content expressed in % N (A), g/L (B), and
g/d (C) and on total milk protein (TP), and daily milk yield (MY). Homozygote genotype BB is taken as reference. Asterisks represent the
significance test. *P < 0.05, **P < 0.01, and ***P < 0.001 for 95% of the highest posterior density (HPD95) of each genotype with respect to

reference genotype.

DISCUSSION

It is well known that genetic factors play an impor-
tant role in the phenotypic variability of the protein
profile of bovine milk (Ng-Kwai-Hang et al., 1987; Heck
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et al., 2009). Unlike other production traits, milk pro-
tein fractions are controlled not only by many genes
with smaller effects, but also by the major genes codi-
fying for the genetic variants of milk proteins. Many
researchers have studied the effects of casein and whey
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protein genetic variants on the production and quality
traits of milk (Cecchinato et al., 2012; Vallas et al.,
2012; Albarella et al., 2020), and some also the effects
of these variants on the protein fraction profile of milk
(Heck et al., 2009; Bonfatti et al., 2010; Gustavsson et
al., 2014). However, the effects of genetic variants of
milk protein fractions have seldom been analyzed while
simultaneously estimating the size of the genetic vari-
ance due to background polygenic effects. In addition,
as far as the authors are aware, such analyses have
never considered simultaneously milk protein fractions
expressed qualitatively (% N), quantitatively (g/L) or
as daily yield (g/d).

This work aimed to distinguish between the genetic
variance of the major milk protein fractions controlled
by the CSN2, CSN3, and BLG genotypes and the re-
maining polygenic background to determine the quota
of the genetic variance controlled by the 3 genes sepa-
rately, and to estimate the effects of their genotypes on
the individual protein fractions. The genetic parameters
of these traits and the different ways they can be ex-
pressed were previously analyzed with the base model
and presented in a recent study within the same project
on genomic selection (Macedo Mota et al., 2020), and
therefore the descriptive statistics of the population
and the results obtained from the base model will not
be discussed further here. Instead, they will be used as
our point of departure for discussion of the variations
caused by the inclusion of the genotypes of the major
genes in the model.

Genetic Variance of the Background Polygenic
Effects on the Milk Protein Fractions

In the present work, the data were corrected for the
effect of the genotypes of the CSN2, CSNS3, and BLG
genes. Our results indicating that most of the additive
genetic variance was controlled by all 3 major genes,
even where they are not the encoding gene for the frac-
tion in question, are reflected in the previous literature.
However, these findings are not entirely in agreement
with those of Bonfatti et al. (2011) based on a Simmen-
tal population, in part because the protein proportions
were expressed differently (caseins as proportions of
the total casein content, and whey proteins as propor-
tions of the total whey protein), and also because the
authors used the CSN2-CSNS3 haplotypes instead of the
genotypes of the 2 genes. In both studies, the ag,-CN
proportion was the casein fraction least affected by the
major genes. In particular, Bonfatti et al. (2011) found
the size of the genetic variance explained by the major
genes to be only 16% compared with 73% in the pres-
ent work. The size of the genetic variance in the ag-
CN and k-CN proportions explained by the 3 genes in
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both studies was between 80 and 90%. The casein most
affected by the genotypes was (3-CN, which explained
more than 90% of the additive genetic variance. The
influence of the 3 genotypes on the proportions of the
whey proteins was slightly higher in the present work
(66 and 67%), but still lower than their influence on the
casein proportions.

Unfortunately, Bonfatti et al. (2011) did not make
comparative estimates of the effects of the individual
genes on the traits, but Schopen et al. (2009) reported
reductions in the additive genetic variance after inclu-
sion in the model of the genotypes of the 3 major genes
individually. Unlike Bobe et al. (1999), who found a sig-
nificant effect of the CSN3 and BLG genes on the ag;-
CN proportion, Schopen et al. (2009) did not observe
any strong effect of the major gene polymorphisms
on this fraction. Our results, however, show that both
the CSN3 and BLG genes explained around 20% of
the additive genetic variance, whereas the CSN2 gene,
which was not included in the Bobe et al. (1999) study,
explained more than 30%. Bijl et al. (2014) also found a
strong association between the BLG gene and the pro-
portion of ag-CN-8P, which in our study is subsumed
in the total aig;-CN. Similar to Schopen et al. (2009),
we found the CSN2 gene to have a greater influence on
the ag-CN and (3-CN proportions, whereas the stron-
gest influence of the C'SN3 and the BLG genes were on
the k-CN and (3-LG proportions, respectively. However,
unlike in the cited work, a-LA was more affected by
the CSN2 gene. The fact that the a-LA encoding gene
(LAA) is on another chromosome (the fifth instead
of the sixth for all caseins) suggests a sort of specific
co-regulation of these genes when the proteins are ex-
pressed as relative proportions.

In analyzing the contents of the protein fractions in
milk quantitatively, in g/L, the fact that the content
of a given protein fraction is the result of multiplying
the proportion of the fraction by the total protein in
milk (also in g/L) should be considered. The genetic
parameters of a given fraction content depend there-
fore on the genetic parameters of both the fraction
proportion and the total protein content (co-variances
included). In fact, only 20% of the genetic variance in
total protein was controlled by the major genes. This
reduction is much smaller than the reduction seen for
the proportions of the different protein fractions (Table
2), but is also less than the reduction in the genetic
variance in the protein fraction contents (Table 3). The
small effect of the major genes on total protein suggests
that their expression is down- and upregulated by the
polygene responsible for the total protein content to
compensate for the fluctuation in the expression of the
protein fractions (Leroux et al., 2003). However, it also
reflects compensations between the different protein
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fractions caused by some negative genetic correlations
between some of them, as will be discussed later. Of
course, the major genes still have a notable effect on
the protein fractions, as indicated by their influence
on the genetic variance in their contents in milk, which
ranges from 44 to 86%. Here, too, our results were
similar to those of Bonfatti et al. (2011). In both stud-
ies, the fraction on which the effect of the major genes
was most reduced in favor of the effect of the polygene
after multiplication by total milk protein was ag;-CN.
The k-CN fraction, on the other hand, was affected
to the same or a slightly higher extent by the major
genes, also in terms of g/L. In Bonfatti et al. (2011),
the k-CN showed a limited reduction of the proportion
of genetic variance after the conversion to g/L, but it
was still over the 80% as in the present study. Taking
the major genes individually, C'SN2 controlled all the
caseins except k-CN, which was mostly influenced by
its own gene (CSN3). The BLG gene controlled both
the whey proteins. Bonfatti et al. (2011) considered a
mixed inheritance model including together the effects
of CSN2-CSN3 haplotypes and BLG genotypes, there-
fore a comparison is not possible. When the protein
fractions were expressed as daily yield (g/d), traits not
considered by Bonfatti et al. (2011), the proportion of
genetic variance controlled by the genotypes of the 3
major genes was still very similar to that of the protein
fraction contents in milk.

In a recent phenotypic study on a different data set
(cows of 6 different breeds reared in multibreed herds),
Amalfitano et al. (2020) found that the genetic vari-
ants of the 3-CN, k-CN, and (B-LG protein fractions
represented the major sources of variation in the pro-
portions of all the milk protein fractions. Inclusion of
the genetic variants in the model greatly reduced the
variations due to breed and the residual variance. In
this genetic study, too, inclusion of the genetic variants
in the statistical model not only reduced the additive
genetic variance, but also the residual variance. So, in
both this study and Amalfitano et al. (2020), includ-
ing the genetic variants of the milk proteins seems to
absorb not only part of the genetic variance but also
part of the residual variance.

Effect of Genetic Variants on the Heritabilities
of the Milk Protein Fractions

The genetic variance remaining after inclusion of
the genetic variants of the 3 major genes is due to the
background polygenic effects of the cow’s genome. So,
the heritability strictu sensu calculated from the new
residual variance quantifies the genetic improvement of
a population obtainable beyond that due to modifica-
tion of the allelic frequencies of the major genes.
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The reduction in the genetic variance after inclusion
of the genotypes of the major genes in the model, if not
accompanied by a reduction in the residual variance, is
expected to reduce the heritability of the trait propor-
tionally less than the reduction in the additive genetic
variance, because the genetic variance affects both nu-
merator and denominator of the heritability equation.
For example, if a trait has a heritability of 0.40, and
after inclusion of the major genes in the model the
genetic variance decreases by 50%, the new heritability
decreases to 0.25 (i.e., by 37.5%). On the other hand,
if the residual variance decreases proportionally equally
to the reduction in genetic variance, the heritability
should not change. In the present study, the decrease in
heritability is always lower than the decrease in genetic
variance, but often less than expected because of a par-
allel decrease in the residual variance that is less severe
than the decrease in genetic variance.

When the protein fractions were expressed qualita-
tively, in % N (Table 2), the heritability obtained from
the base model was moderate to high (h* 0.25-0.79)
and differed little to that found by Bonfatti et al. (2011;
h* 0.28-0.69). Similar to our results, except for a-LA,
which was not accounted for in the cited work, correc-
tion for the major genes explained more than 40% of
the heritabilities of all the fractions. The only difference
was in ag-CN, which was less affected by the major
genes in Bonfatti et al. (2011).

When the protein fractions were analyzed quanti-
tatively, in g/L, the estimates of heritability obtained
from the base model (Table 3) were almost in the
same range as the protein fraction proportions, with
the notable exception of 3-CN (h* 0.79 for the relative
proportion, 0.59 for the content in milk). However, the
reduction in heritability caused by inclusion in the sta-
tistical model of the genotypes of the major genes was
much lower for the content of the protein fractions than
for their nitrogen proportions, indicating the presence
of other genes or polymorphisms able to control the
genetic variability of these traits. The same effect was
observed by Bonfatti et al. (2011), and in both studies
this was particularly true for ag;-CN in g/L, where the
A%h” was half that of ag-CN in % N.

When the protein fractions were expressed as daily
yields, the heritability estimates were lower (hgz 0.14—
0.39, Table 4) due to the influence of the single test-day
milk yield (h” = 0.14), from which the daily yields of all
protein fractions are derived by multiplication. Unlike
the genetic variance controlled by the genotypes, the
quota of the heritability explained by them was much
lower than that of the protein fraction contents in milk.
To understand this pattern, we should consider that
daily milk yield was also associated with the genotypes
of the 3 major genes (Table 4), and that the decrease
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in heritability was identical to the decrease in genetic
variance. This is probably due also to the negative ge-
netic correlations between protein contents and milk
yield, and to the much larger variability of the latter.
In fact, differences at protein level tend to cancel out
at milk level.

Genetic Correlations

Genetic correlations are important for understanding
the response of the protein fractions to selective breed-
ing. In the present study, the aim was to see how the
major genes affected the correlations of total protein,
milk yield, and protein fractions expressed as relative
proportions, milk contents, and daily yields. Casein-
encoding genes are known to be situated in a short ge-
netic linkage group on a 250-kb region of chromosome
6 (Caroli et al., 2009), but there are also other genes
known to be responsible for the regulation of casein and
whey protein expression (Schopen et al., 2011; Pegolo
et al., 2018).

Figure 2 presents the correlations of total protein (A)
and milk yield (B) with the protein fractions. Improve-
ment in these 2 traits is the focus of most dairy cattle
breeding programs, but modification of the protein
profile is still not a breeding goal (Miglior et al., 2005).
Selection for increased milk yield is known to result in
genetic worsening of the protein and fat contents of
milk. This means that the increased secretion of lac-
tose, water, and minerals in the udder is accompanied
by a proportionally smaller increase in protein and fat
secretion (dilution effect). It is not known, however,
whether this unfavorable genetic correlation between
milk yield and total protein extends to all the protein
fractions. It is clear from Figure 2B that all the protein
fractions are negatively correlated with milk yield (from
—0.25 for 3-LG to —0.41 for 3-CN) with the notable
exception of the ag-CN content, which appears to be
positively correlated (0.28). It can also be seen that
after inclusion of the genotypes of the 3 major genes
the correlation between milk yield and ag;-CN content
remains favorable although much smaller. The unfavor-
able correlation with the 3-CN content also decreases
after inclusion of the major genes, whereas the other
correlations were only negligibly affected.

It is not known whether selection in favor of the total
protein content in milk would change its composition,
but it can be seen from Figure 2A that total protein
content exhibited a modest, favorable correlation with
the relative proportions of k-CN (0.19) and 8-LG (0.23),
and a negative correlation with all the other fractions
(from —0.23 with qg-CN to —0.48 with a-LA). The
major genes played an evident role only with respect to
k-CN. In fact, including the genotypes of the 3 major
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genes in the statistical model canceled the favorable
correlation between k-CN and the total milk protein
content, so the 2 traits seem to be genetically inde-
pendent. On the other hand, including the genotypes
of the 3 major genes did not substantially modify the
sign and entity of the other genetic correlations. Con-
flicting results are reported in the literature. Schopen
et al. (2009) found the protein percentage in milk to
have a strong positive correlation with the proportion
of k-CN, but correlated negatively with ag-CN and
a-LA; Gebreyesus et al. (2016) found only small posi-
tive or almost null correlations between protein compo-
sition and total protein; finally, Sanchez et al. (2017)
found that total milk protein correlated negatively with
a-LA in all 3 breeds they studied, negatively with 3-CN
in the Montbéliarde breed, and positively with ag-CN
in the Normande breed.

Table 5 shows the genetic correlations between the
protein fractions. When these are considered in terms
of their relative proportions, their sum therefore be-
ing constant, it is expected that favorable correlations
between some of them will be compensated for by un-
favorable correlations with others. Table 5 shows that
almost all the proportions of the protein fractions were
positively correlated with each other, but negatively
correlated with the 3-CN proportion (from —0.25 for
B-LG to —0.79 for k-CN, except a-LA). There was also
a negative correlation between the proportions of 3-LG
and k-CN (—0.39). These results agree with the find-
ings of Bonfatti et al. (2010, 2011), who also found
strong negative correlations between the proportion
of B-CN and the other caseins. They suggest that the
negative correlations between 3-CN and the propor-
tions of the other fractions could be associated with
an effect of competitive synthesis. In fact, the synthesis
of some fractions can influence the synthesis of others
due to a limited pool of transcription factors or AA, or
both (Bobe et al., 1999). Schopen et al. (2009) found
that the protein fraction proportions were more nega-
tively correlated with ag-CN, the other major casein
in milk. When the fractions are considered in terms of
their contents in milk, we would expect positive cor-
relations between them if their proportions remained
constant, but, as was observed, this is not true. The
negative correlations between the proportions of 3-CN
and the other protein fractions are also confirmed at
level of their contents in milk (g/L). This is only par-
tially in agreement with results presented in Bonfatti
et al. (2011). The increase in daily milk yield tends, of
course, to increase the daily production of all the milk
protein fractions, and this is confirmed by the positive
correlations observed between the daily yields of all the
protein fractions. The only exception was k-CN, which
was still negatively correlated with 3-CN (—0.36).
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Therefore, 3-CN and k-CN were the only fractions that
were always negatively correlated with each other in
qualitative and quantitative terms, and as daily pro-
duction. The mechanisms regulating the synthesis of
proteins in the udder, and hence their daily yields, and
their milk concentrations and proportions, are probably
controlled more by the background polygene, because
correction for the genotypes of the 3 major genes did
not substantially change the correlation matrix. Only
in the case of the correlation between 3-CN and ag-CN
in g/L did correction for the major genes have a greater
effect, changing the correlation from —0.31 to 0.21.
This suggests that selecting for favorable genetic vari-
ants for 3-CN content can negatively affect the ag-CN
content, as will be shown later. Discrepancies between
the cited studies could be ascribed to the very different
allelic frequencies of different breeds, and the different
statistical methods used by the authors.

Effects of the B-CN Genotypes on Milk Yield
and the Protein Profile

The results of the statistical models with and with-
out inclusion of the genetic variants of the 3 major
genes considered clearly revealed that the different al-
leles codifying for different genetic variants are respon-
sible for not inconsiderable effects on the milk protein
profile, whether in qualitative, quantitative, or daily
production terms.

In particular, compared with the ancestral 3-CN
A? variant, the presence of the B allele promotes the
synthesis of the 3-CN proportion and content in milk,
and its yield, at the expense of all the other fractions.
Unfortunately, the very small numbers of A'A" animals
in the population prevented us from decisively estab-
lishing the differences between the A' and A* variants,
but the heterozygotes A'B and A'A? helped us place
the protein profile of the A’ variant closer to the A’
than the B variant. It is also true that the A' variant
is the result of an SNP in position 8101 on the CSN2
gene encoding for the A” variant, whereas the B has one
more SNP than the A' variant in position 8267 (Caroli
et al., 2009). In terms of the relative proportions and
contents of ag;-CN and k-CN, the A' variant seemed to
be superior to the A%. Most previous studies used the
haplotypes of 3-k-CN, but all of them agree that the
presence of the CSN2 B allele is associated with a higher
proportion and content of 3-CN, and lower proportions
and contents of ag-CN in particular, and also agy-CN
(Hallén et al., 2008; Heck et al., 2009; Bonfatti et al.,
2010). Moreover, Heck et al. (2009) and Bonfatti et al.
(2010) showed that the presence of the CSN2 A" allele
was associated with higher proportions and contents of
ag-CN and k-CN compared with the CSN2 A? allele.
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This effect is only marginal in our study. The increase
in the B allele of CSN2 could be of interest to the dairy
industry, provided that its effect on human health is
favorable. This is not so much for the increase in 3-CN,
which is compensated for by the decrease in ag;-CN, as
for the decrease in aige-CN and 3-LG, both of which are
associated with a worsening of the coagulation proper-
ties of milk and a lower cheese yield (Cipolat-Gotet et
al., 2018; Amalfitano et al., 2019).

Effects of the k-CN Genotypes on Milk Yield
and the Protein Profile

In terms of contents in milk, compared with its strong
negative effect on k-CN the A allele of the CSN3 gene
had a much less favorable effect on the other protein
fractions, so that overall there was a negative effect on
the total protein content of milk. As daily milk yield
was not affected by this gene, its effect on the daily
productions of individual protein fractions was very
similar to its effect on their proportions. The higher
content and relative proportion of the k-CN in the
presence of the B variant is a consistent finding in the
literature. In fact, it is known that the SNP in the pro-
moter region of the CSN3 gene encoding the B variant
is responsible for overexpression of the protein fraction
in milk (Tkonen et al., 1997; Bobe et al., 1999; Hallén et
al., 2008). This overexpression is probably compensated
for by the effect of downregulation of the genes encod-
ing for the other fractions, which reduces their relative
proportions (Bobe et al., 1999; Leroux et al., 2003).
However, the literature is inconsistent regarding the ef-
fect of CSN3 on the fractions other than k-CN. Bobe et
al. (1999) found that an increase in the k-CN propor-
tion in the presence of CSN& B corresponded with a
decrease in the ag-CN and (B-LG proportions. Heck
et al. (2009) partially agree with this, but also found
a decrease in the a-LA and an increase in the agy-CN
proportions. Similar to us, Bonfatti et al. (2010) at-
tributed the increase in the total protein content of
milk in the presence of CSN3 B to the increase in the
k-CN content alone. They also confirmed the increase
in the k-CN proportion to be mainly at the expense of
ag-CN, supporting the hypothesis of McClenaghan et
al. (1995) that there is specific expression completion
in the mammary gland. None of these studies found
great variations in the contents of the other protein
fractions due to the CSNS genotype. The B variant of
k-CN is currently considered a potential selection goal
for breeders because of its beneficial effects on milk
coagulation properties, principally due to the higher
expression of k-CN. However, more studies need to be
conducted on the effect of this allele on the other pro-
tein fractions.
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Effects of the B-LG Genotypes on Milk Yield
and the Protein Profile

Although the literature agrees about the favorable
effect of the A allele on the proportion, content in milk,
and daily yield of 3-LG, the effect of the BLG gene on
the other protein fractions is not well known. As for
k-CN, the increase in 3-LG in the presence of the A
variant is attributed to polymorphism in the promoter
region of the BLG gene (Folch et al., 1999). Heck et al.
(2009), instead, pointed to the differences in the stabil-
ity of the mRNA transcribed from the LGB A and
B alleles as an explanation for the variation in 3-LG
content. However, all the studies agree on attributing
to the A variant the higher proportion and content of
B-LG. About the other protein fractions, compared
with the 3-LG B, in our study the presence of the A
variant was associated, to a lesser degree than (3-LG,
with an increase of proportion and content in milk, and
daily yield also of ag-CN. It was also associated with
a higher content of 3-CN and, consequently, of total
protein. The influence of A allele on the other frac-
tions was instead unfavorable, including also a slight
negative effect on milk production. Bobe et al. (1999)
partially agree with our results, reporting a decrease
in the proportions of ag-CN, B-CN, and k-CN with
the increase in B-LG. Heck et al. (2009) found that
the increase in B-LG in the presence of the A variant
was compensated for by decreases in all the other frac-
tions. At the same time, Bonfatti et al. (2010) showed
that the effect of the BLG B was to increase the total
protein content and the contents of all the protein
fractions in the milk, except 3-LG, which decreased. It
seems from our results that milk carrying the A variant
of B-LG is less suitable for cheese making because of the
higher proportions and contents of 3-LG and ogo-CN,
which are detrimental to the coagulation and syneresis
processes (Amalfitano et al., 2019).

CONCLUSIONS

In this study we showed that the proportions (%
N) and contents (g/L) of protein fractions are highly
heritable; more heritable than those expressed as daily
yields (g/d). The genotypes of 3 major genes (CSN2,
CSN3, and BLG) absorb the major part of the genetic
variance of all protein fractions and a small part of
the residual variance, whereas the remaining amount
of variance is explained by the polygenic effect. The
heritability estimates, although reduced by the inclu-
sion in the statistical model of the gene casein cluster,
exhibited larger values with respect to that of milk
yield, therefore selective breeding for protein fractions
seems to be feasible. At the population level, beyond
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a genomic array including the genotypes of the CSN2,
CSN3, and BLG, a phenotypic assessment through
infrared tools might be a viable option along with the
integration of genomic information.
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