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1. INTRODUCTION

Currently, genetic information on milk production, udder health,
conformation, longevity, calving and female fertility traits is considered
in dairy cattle. The dairy industry, however, is interested also in milk
with good technological properties to guarantee better quality products
and higher income.

Milk coagulation properties (MCP) have great importance for the dairy
industry because of their influence on cheese outcome and quality
(Aleandri er al., 1989; Ng-Kwai-Hang er al., 1989; Johnson ez al.,
2001). At present, in Italy about 70% (referred by Pretto, 2012), in
the Netherlands about 50% (referred by Heck, 2009), in Scandinavian
countries 33% (referred by Wedholm ez 4/, 2006), and in Estonia
54% (according to the total milk and cheese production in 2011,
reported by Statistikaamet, 2012) of milk is used for cheese production.
Cheese production in Estonia has increased over the last decade. The
production of cheese (with several cheese categories included) increased
from 20,000 tons in the year 2000 to 40,630 tons in 2011 (Eurostat,
2013). To promote progress in the Estonian dairy sector, the Estonian
Dairy Strategy 2012-2020 of the Ministry of Agriculture of Estonia
includes the objective to increase annual milk production by one third
and enhance development of milk products with added value. Among
other activities, this needs scientific collaboration for the genetic and
nutritional improvement of Estonian dairy herds to increase the
efficiency of production and concurrently ensure sustainability in the
dairy sector (Eesti piimanduse ..., 2012).

Traditional processes of coagulation in the dairy industry can be divided
into heat, acid and/or rennet coagulation. The last type of coagulation is
of interest in the current study and will be referred as milk coagulation.
The use of rennet to coagulate casein to form a curd that is then further
processed into cheese is a traditional process that forms the initial step in
the manufacture of a wide variety of cheese types (IDE 2007).

Commonly, the main milk coagulation traits studied are milk rennet
coagulation time, which is the time from the addition of coagulant to
milk until the beginning of coagulation, and curd firmness, which is the
strength of the curd 30 min after the addition of rennet. Milk with good



coagulation properties has a short coagulation time and forms a firm curd,
yields more and higher quality cheese. Therefore, improvement of milk
coagulation traits could be of economic advantage to the dairy industry.
Besides the direct measurements, these milk coagulation traits are
recorded using different systems based on optical, thermal, mechanical,
and vibrational methods, which have been comprehensively reviewed
by O’Callaghan ez /. (2002) and Lucey (2002a). Different instruments
are available commercially and are currently widely used in research
institutes to record milk coagulation traits. No standard method for
MCP determination, however, has been established. The most common
method used for research in MCP has been the mechanical method.
Optical methods, however, provide good potential for developing on-
line methods for industrial applications for the continuous observation
of MCP without interfering with the coagulation process. In the current
study, milk coagulation traits were measured by using the optical method.

Interest in MCP in recent decades has resulted in numerous studies on
methodology, genetic parameters of MCP and the associations of MCP
with milk protein polymorphism, milk protein content and cheese-
making properties.

As MCP are found to be influenced by genetic factors, genetic
improvement of milk coagulation could be a consideration. Although
it has been suggested that genetic factors affect milk coagulation, few
studies have quantified the extent to which genetic factors play in this
role. Furthermore, only a few studies in Finnish and Italian dairy cattle
populations have reported genetic relationships between milk coagulation
traits and milk production and composition traits. Associations of
MCP with milk production and composition traits are important when
considering selection possibilities for the improvement of MCP, to avoid
deterioration in these other economically important traits. Reported
heritability estimates for MCP vary from low to moderate, indicating
potential for genetic improvement of these milk properties. Genetic
correlation between MCP has been found to be strong, while there
is some inconsistency in genetic correlations between MCP and milk
production and composition traits.

Regular direct large-scale estimation of breeding values for these traits,
however, is complicated due to the time consuming measuring method

of MCP. Mid-infrared spectroscopy technology has been proposed as a
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cheaper method to predict MCP routinely, and for large-scale recording
(De Marchi ez al., 2009). However, this technology is based on the
determination of a calibration equation predicted from spectral data
and requires a MCP analytical methodology specific reference method,
which could cause further complication.

An alternative indirect selection approach for the improvement of milk
quality could be milk protein polymorphisms. Associations have been
studied between milk protein polymorphisms and milk production traits
and protein composition. One of the most striking effects of milk protein
polymorphisms on traits of economic interest is their relationship with
the cheese-making properties of milk (review by Caroli ez al., 2009),
including milk coagulation properties.

In Estonia, previous research on MCP by Mihhejev (2002) and Joudu
(2008) has been focused on finding the factors influencing milk
coagulation properties, comparing analytical procedures and providing
an overview of milk coagulation, and variation in the milk protein content
and milk protein polymorphism among dairy cattle breeds in Estonia
(Estonian Native, Estonian Red and Estonian Holstein). According to
the study by Joudu (2008), MCP are better in the Estonian Native and
Estonian Red cows. The Estonian Holstein breed, however, forms about
75% of the Estonian dairy cow population (Eesti joudluskontrolli ...,
2012) and has been under selection for higher milk yield. Other recent
studies in Estonia have focused on the associations between MCP and
milk and blood metabolomes (Harzia ez /., 2012) and feeding strategies
(Harzia et al., 2013).

The large-scale study described in this thesis provides more insight
into the genetic information needed for the development of selection
strategies in Estonian Holstein cattle, and is a part of the research project
conducted by the Bio-Competence Centre of Healthy Dairy Products
LLC.
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2. REVIEW OF THE LITERATURE

2.1. Process and measurement of milk coagulation

Milk coagulation is a complicated process that is influenced by many
factors. Rennet coagulation of milk may be divided into primary
(enzymic hydrolysis) and secondary (aggregation) stages, although these
stages normally overlap to some extent during cheese making. During the
primary stage, x-CN is cleaved by rennet to form para-x-CN and rennet-
altered micelles become susceptible to aggregation (Walstra, 1990).
Overlap with the aggregation stage occurs (under conditions of normal
pH and protein content) after at least about 87% of x-CN is hydrolysed
and aggregation of rennet-altered micelles starts. The aggregation process
in the secondary stage leads to formulation of rennet coagulum. The
nature of the attractive forces during the aggregation of casein micelles is
still not completely understood (Lucey, 2002a,b).

Common milk coagulation traits are milk coagulation time (RCT),
curd firming time and curd firmness (E,; or a,)). RCT characterizes the
enzymic stage of the milk coagulation process and curd firmness describes
the aggregation stage. Curd firming time, commonly defined as the time
needed until the curd is firm enough to be cut (Ikonen, 2000), is quite
often not reported because of the slow coagulation process, which results
in a considerable proportion of samples not reaching curd firmness
sufficient to be cut during the usual test period of 30 minutes.

A variety of instruments have been used for measuring milk coagulation
in different studies: the Formagraph (Ikonen ez al., 1999; Malacarne ez
al., 2006; Joudu ez al., 2007, 2008), the Optigraph (Harzia ez al., 2012;
Leitner et al., 2006), the Computerized Renneting Meter (Ikonen ez /.,
2004; Cassandro ez al., 2008; Cecchinato ez al., 2011; Dal Zotto et al.,
2008; Pretto et al., 2013), the Bohlin VOR rheometer (Wedholm ez 4l.,
2006; Hallén ez al., 2007) and the ReoRox4 rheometer (Frederiksen et
al., 2011a,b; Jensen et al., 2012a,b).

The Formagraph (McMahon, Brown, 1982) was the first mechanical
instrument that was widely used. The principle of this instrument is
based on recording of oscillation, which is driven by an electromagnetic
field created by the swinging of a small, stainless steel, loop pendulum
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immersed in the samples of coagulating milk. A survey system measures
differences in the electromagnetic field caused by milk coagulation:
the greater the extent of coagulation, the smaller the swings of the
pendulum. This analysis produces a diagram, as reported by Ikonen
(2000), expressing curd firmness in millimetres.

Measurements made with the Optigraph are not based on a rheological
method but on an optical signal in the near-infrared (NIR) wavelength.
During a coagulation test, the light emitted through the milk gradually
weakens, because of changes in the micellar structure of casein (CN). The
Optigraph calculates the coagulation parameters (coagulation time, curd
firmness, and speed of aggregation) by means of particular feature points
extracted from the optical information acquired in real time (Optigraph
User’s Manual) and expresses values of curd firmness in volts.

After the manufacture of the Formagraph and its accessories ceased,
a new instrument, the Optigraph, developed by the French research
institute INRA was studied to compare the coagulation measurement
techniques of these instruments and find possibilities to convert the
electrical parameters obtained by the Optigraph into millimetres, which
were used to estimate curd firmness by Formagraph and other mechanical
instruments previously in use (Kiibarsepp ez al., 2005a).

Klandar ez al. (2007) compared five analytical techniques and
concluded that NIR spectroscopy, an on-line sensor, could best assess
rennet-induced coagulation of skimmed milk samples. The previous
mechanical instrument, the Formagraph, has been replaced by more
developed instrument, which has the same measurement principle.
This instrument, the Lattodinamografo produced by Foss Italy, has also
been referred to as a Formagraph in recent literature (Cecchinato ez /.,
2013; Cipolat-Gotet ez al., 2012). Comparison of MCP measures of this
mechanical device with NIR-based optical MCP measurements from the
Optigraph showed considerable differences (Cipolat-Gotet ez al., 2012).
Another optical method for predicting MCP measurements is based on
mid-infrared spectroscopy technology (De Marchi ez al., 2009). This
technology is based on the determination of a calibration equation
predicted from spectral data and a reference method and, therefore, the
lack of calibration equations for the different reference methods of MCP
analysis could cause further complications.

13



2.2. Variation in milk coagulation properties

2.2.1. Non-coagulation and poor coagulation of milk in dairy
cattle populations

Different study populations have been characterized by the proportion
of milk samples with poor coagulation (PC) and non-coagulated (NC)
samples. Definitions used for these classifications are discussed in the
material and methods section 4.1.

Reports on the proportion of PC and NC milks vary between study
populations. Tyrisevd (2008) observed that about 30% of Finnish
Ayrshire cows and 12% of Holstein Friesian cows produced PC milk and
about 10% of Finnish Ayrshire cows and 1% of Holstein Friesian cows
produced NC milk. Proportions of PC and NC samples were 28% and
3%, respectively, in a study of Swedish Red-and-White, Swedish Holstein
and Danish Holstein cows by Wedholm (2008). Joudu (2008) reported
14 to 16% of milk samples with PC and 3 to 6% NC milk samples in
the study of dairy cattle breeds in Estonia (Estonian Holstein, Red-and-
White Holstein, Estonian Red and Estonian Native). The proportion of
NC milk in the Italian cattle population of 4% for Italian Brown Swiss
(Cecchinato ez al., 2009), 6.3% for Simmental (Bonfatti ez 2/, 2010a)
and 9.7% for Italian Holstein Friesian cows (Cassandro et /., 2008)
were observed. According to Frederiksen ez al. (2011a), the prevalence
of NC milk was 3% and PC about 20% in Danish dairy breeds (Jersey,
Danish Red and Danish Holstein Friesian).

These comparisons between studies are somewhat arbitrary, to some
extent, due to differences in measurement procedures and instruments,
and also to the somewhat different classifications used for PC milk. They
give, however, a general overview of the phenotypic variation of MCP of
cows in different study populations in discrete classes.

2.2.2. Environmental variation

The main compositional and processing factors affecting MCP, described
by Lucey (2002b), include temperature, enzyme concentration, heat
treatment of milk, calcium, NaCl, solid content and pH of milk. The
main milk compositional characteristics, such as fat, protein, calcium
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and phosphorus contents influence MCP as reported by McMahon ez al.
(1984), Okigbo ez al. (1985a), Joudu (2008), Hallén e a/. (2010) and
Jensen et al. (2012b).

Milk pH was the most significant factor that affected coagulation time
and curd firmness in an experimental study by Okigbo ez a/. (1985b). An
association between low pH and favourable MCP has been reported in
several observational studies (Ikonen ez al., 1997; Tyrisevi ez al., 2003;
Ikonen ez al., 2004; Cassandro et al., 2008).

An effect of total protein content on MCP has been observed in several
studies. Okigbo ¢t /. (1985b) and Hallén et 4/l. (2007) found that the
concentration of total milk protein content was positively associated
with milk coagulation as it increased curd firmness, while no association
for protein content with MCP was reported by lkonen er al. (2004)
and moderate correlation with curd firmness (0.23) was observed by
Cassandro ez al. (2008). Thus, the use of total protein content as an
indicator trait for MCP is limited. Protein composition, rather than total
protein or total CN content, is important in milk coagulation (Hallén,
2008). According to Wedholm ez /. (2006), MCP depend on the
CN composition, and CN number (i.e. the proportion of CN to total
protein) was significant for the transfer of protein from milk to cheese.

Somatic cell score (SCS) is used as a criterion for assessing milk hygienic
quality. Several studies have reported an unfavourable association between
SCS and MCP (Grandison, Ford, 1986; Politis, Ng-Kwai-Hang, 1998;
O’Brien et al., 2001; Ikonen et al., 2004; Leitner ez al., 2006, 2012;
Cassandro et al., 2008). However, Joudu (2008) found no clear effect
of SCS on the MCP. Also Ikonen et al. (1997), Somers et al. (2002),
Wedholm ez al. (2006) and Leitner ez al. (2008) found no significant
effect of SCS on MCP. Despite the inconsistencies in association between
SCS and MCP an unfavourable effect of udder infection on MCP
was observed by Leitner ez al. (2006, 2012) and Merin et al. (2008).
According to Merin e al. (2008), SCS actually reflects herd udder status,
and thus, the deleterious effect is not the number of somatic cells present
in the milk itself, but rather the intramammary infection status of the

whole herd milked, and collected into the bulk tank.

The effect of lactation stage on MCP has been found to be significant in
many studies, while the change in MCP during lactation has been found
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to be somewhat different between studies. Most commonly reported
is that poorest MCP is found in mid-lactation (Ostersen ez al., 1997;
Ikonen ez al., 1999a, 2004; Tyrisevd et al., 2003, 2004; Joudu, 2008;
Leitner ez al., 2012). According to Okigbo ez al. (1985b), however, the
mean RCT generally increased as lactation progressed and curd firmness
was generally greatest in mid-lactation samples. De Marchi ez al. (2007)
also reported a better RCT of herd milk at the beginning of lactation.
According to Coulon ez a/. (1998), maximum firmness of the coagulum
of late-lactation milk was not different from that of either early or mid-
lactation milks. A non-significant effect of lactation stage in some studies
could be due to confounding effects of lactation stage and season (Ikonen

et al., 1999a).

Contradictory results have been reported for the effect of parity on MCP.
A deterioration in MCP with increasing parity number was observed by
Lindstrom et al. (1984) and Tyrisevi e al. (2003). An opposite effect of
parity was reported by Schaar (1984), but in studies by Pagnacco, Caroli
(1987), lkonen et al. (1999a) and Tyrisevi er al. (2004) no significant
effect of parity was found. No clear effect of parity was also found in
Estonian dairy cattle by Joudu (2008), and there was no effect of parity
among Estonian Native cows (Jéudu ez al., 2007), whereas in a study
involving other Estonian dairy breeds (Estonian Holstein, Red-and-
White Holstein and Estonian Red) MCP were significantly influenced
by parity (Kiibarsepp ez 4/., 2005b).

In addition to the factors influencing MCP described above, some
other factors are referred. Studies have also shown effects of daily
milking frequency (Martin ez al., 2009) and renneting meter sensor
of lactodynamograph (Cecchinato e /., 2013). High milk yield as a
risk factor was observed by Tyrisevid et al. (2003). A year-season effect,
showing best MCP during the grazing season of June to August, was
found by Tyrisevi ez al. (2003). A season effect was also found in a herd
milk study by De Marchi ez a/. (2007), which showed better MCP in
September and October. Ikonen ez a/. (1999a) found little variation due
to herd in RCT. The herd explained only a minor part of the variation in
MCP also in studies by Tyrisevi ez a/l. (2004) and Ikonen ez al. (2004).
Frequent feeding of the concentrate was associated with good MCP
(Tyriseva et al., 2004). Macheboeuf ez al. (1993) reported better MCP
for group fed at a higher dietary energy level.

16



2.2.3. Variation among breeds

Significant differences in MCP between dairy cattle breeds have been
observed in several studies (Ikonen et 4/, 1999a; Auldist et al., 2004;
Tyrisevi et al., 2004; Malacarne et al., 2006; De Marchi er al., 2008;
Joudu, 2008; Frederiksen er al., 2011a). Several studies reported less
favourable MCP for high-yielding dairy breed such as Holstein compared
to indigenous dairy breeds (Macheboeuf ez 4l., 1993; Lien ez al., 1999;
Auldist ez al., 2002; Kiibarsepp ez al., 2005b; De Marchi ez al., 2007).
This is explained by the lower frequency of the x-CN B allele, associated
with better MCP, observed in the Holstein population. Thus, effect of
breed is, to some extent, associated with the effect of the other important
genetic factor, milk protein polymorphism, due to different distributions
of the genetic variants of milk proteins in different breeds (Lien ez /.,

1999).

2.2.4. Variation due to protein polymorphism

General agreement exists of the favourable effect of the x-CN B allele
(Pagnacco, Caroli, 1987; Jakob, Puhan, 1992; Macheboeuf ez 4/., 1993;
Mayer et al., 1997; Walsh ez al., 1998; lkonen et al., 1997, 1999a;
Comin et al., 2008; Jensen et al., 2012a) and the unfavourable effect
of the x-CN E allele on MCP (Ikonen et al., 1997, 1999a; Caroli et
al., 2000; Ojala er al., 2005; Wedholm ez al., 2006). In addition,
several studies observed an association of genetic polymorphism of
x-CN with milk protein percentage (Aleandri ez al., 1990; Bovenhuis
et al., 1992; Ikonen et al., 1999b; Heck et al., 2009). Furthermore,
Hallén et al. (2007) found the x-CN B allele to be associated with a
higher concentration of x-CN, while the lowest x-CN concentration
was observed for the x-CN E allele. A higher concentration of x-CN
associated with the x-CN B allele was also reported by Heck ez al.
(2009), although a lower concentration of x-CN was found for x-CN
A allele compared to the E allele in this study. An important role of
x-CN concentration can be presumed also in the association between
f-CN and MCP, as indicated by Hallén (2008) who observed a
favourable effect of the p-CN A1A2 genotype on MCP, and also a higher
concentration of k-CN for this genotype within the composite p-x-CN
genotype containing the B-CN A1A2 genotype. However, Heck et al.
(2009) reported a higher relative concentration of B-CN to be related to
the p-CN A1A2 genotype compared to the homozygous f-CN genotypes
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of the Al and the A2 alleles. Polymorphism of -CN was also found to
be related to milk fat percentage and milk fat and protein yields (Ng-
Kwai-Hang ez al., 1984; Bovenhuis ez al., 1992; Ikonen ez al., 1999b;
Comin et al., 2008).

Jensen (2012) reported that a strong genetic contribution in relation
to milk coagulation was clear, as the majority of poorly or NC samples
for both Danish Jersey and Danish Holstein-Friesian breeds had the
same composite BBA2A2AA genotype of o -3-x-CN. The same o -B-x-
CN genotype was found to be most frequent (21.2%) among Estonian
Native cows. However, this breed nevertheless showed the best MCP
compared to other breeds in Estonia, due to the highest prevalence of
the favourable x-CN B allele (Joudu ez 4/, 2007). Little research on
the association between MCP and «,-CN genotypes has been carried
out, because this locus is found to be rather monomorphic in cattle
populations (Joudu ez 4/., 2007).

B-lactoglobulin (3-LG) has shown an inconsistent effect on MCP in
different studies. Marziali and Ng-Kwai-Hang (1986) reported the best
MCP for the p-LG AA genotype, while Kiibarsepp ez /. (2005b) and
Ikonen ez al. (1999a) found a favourable effect of B-LG AA genotype,
but this was only for RCT. However, Pagnacco, Caroli (1987), Ikonen ez
al. (1997) and Hallén ez al. (2007) observed no effect of p-LG genotypes
on MCP. Studies on milk protein composition have observed higher
concentrations of CN with the 8-LG BB genotype compared to the
B-LG AA genotype (Ikonen ez al., 1997; Lundén ez al., 1997; Bobe ez
al., 1999; Hallén ez al., 2008; Heck et al., 2009). These inconsistencies
between different studies might be due to the indirect influence of the
epistatic effect between the x-CN, f-CN and B-LG loci for milk total
protein and casein content, observed by Mayer ez al. (1997).

In review by Bittante ez 2/. (2012) summarising different studies on milk
protein genotype effects on MCP the authors reported a moderate effect
of B-LG genotype on MCP. In particular, the average MCP values of the
BB genotype were poorer than those of the AA genotype, and the MCP
of heterozygous AB genotype were intermediate. However, the variability
of estimates was found to be very large and the authors concluded that
any effect of this gene needs to be studied further.
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Because of the genetic linkage between the B-CN and x-CN loci,
composite B-x-CN genotypes or haplotypes have been proposed for the
estimation of casein genotype effects (Lundén ez al., 1997; Ojala ez al.,
1997; Comin ez al., 2008) on milk performance traits. The data from
these studies generally confirm previous results of estimates of casein
genotype effects on MCP separately (review by Bittante ez al., 2012).

Recently, large-scale studies have been conducted (Comin ez a/., 2008;
Bonfatti ez al., 2010a; Penasa et al., 2010), enabling more accurate
adjustment for composite casein genotype effects in the estimation
of the additive genetic variance component of milk composition and
coagulation traits. However, few studies have reported the presence of
the B-CN I allele (Bonfatti ez /., 2010a,b; Visker ez /., 2011), and no
clear influence of this allele on milk coagulation traits has been reported.
Furthermore, only the small-sample-size study by Ikonen ez a/. (1997)
used B-x-CN genotypes and repeated measurements, allowing the
separation of variance components of additive genetic and permanent
environmental effects in the model for analysis of variation in milk
coagulation.

2.2.5. Polygenetic variation

Genetic parameters of MCP have been much less investigated
compared to research findings available on associations between
protein polymorphism and MCP (Table 1). Without considering
the uncommonly high estimates derived by Ikonen ez a/. (1997) and
heritability of combined MCP (Bittante ez al., 2002), the magnitude of
heritability estimates for RCT has ranged from 0.13 to 0.38 and from
0.12 to 0.44 for curd firmness, indicating moderate genetic variation
among cows in dairy cattle populations.

Only a few studies (Tervala ez al., 1985; Tkonen et al., 1997; Cecchinato
et al., 2013) have provided information on heritability estimates of curd
firming time. Estimates on scarce datasets were considerably different
and varied from 0.02 (Tervala et a/l., 1985) to 0.60 (Ikonen et al.,
1997). A recent study by Cecchinato ez al. (2013) reported heritability
estimates of 0.21 based on Formagraph measurements and 0.37 based
on Optigraph measurements of curd firming time.
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Some studies have observed an influence of protein polymorphism on the
additive genetic variation of MCP (Ikonen ez al., 1997, 1999a; Bonfatti
etal.,2010a, 2011; Penasa ez al., 2010). After accounting for the effect of
protein polymorphism moderate decreases in additive genetic variation
estimates (20% and 24% for RCT and curd firmness, respectively) were
observed by lkonen er al. (1999a). These results are similar to those
of Bonfatti ez al. (2011) who reported a decrease in additive genetic
variance of 27% and 21% for RCT and curd firmness, respectively. A
moderate influence of protein polymorphism on the additive genetic
variance of MCP was also reported by Ikonen ez a/l. (1997) and Bonfatti
et al. (2010a), while Penasa ez a/. (2010) found a considerably higher
reduction in additive genetic variance (47% and 68% for RCT and curd
firmness, respectively).

Additionally to Penasa et al. (2010), two other studies estimating
heritabilities of MCP have accounted for protein polymorphism (Ikonen
et al., 1997; Bonfatti et al., 2011). The lowest heritability estimates for
curd firmness were reported in a large-scale studies by Penasa ez a/. (2010)
and Bonfatti ez /. (2011), while the largest heritabilities were estimated
for both MCP in a small-sample-sized study by Ikonen ez a/. (1997).

Some studies on MCP used repeated measurements for the estimation of
repeatabilities of MCP (Schaar, 1984; Caroli ez 4l., 1990; Ikonen et al.,
1997; Tyrisevi et al., 2003). The repeatability estimates in these studies
ranged from 0.43 to 0.66 for RCT and from 0.57 to 0.68 for curd
firmness. Thus, MCP are repeatable and could be sampled at least three
times per cow during lactation to derive reliable breeding value estimates

of MCP, as suggested by Ikonen (2000) and Tyrisevi ez al. (2003).

Due to the different sample sizes, dataset structures and availability
of analytical techniques, different statistical models were used in the
different studies. In earlier studies, simple sire models were applied, in
later studies repeated measures, random regression or threshold animal
models were applied. However, there is no clear association between
heritability estimates of MCP and analytical or statistical methods used
in different studies, as was also concluded by Bittante ez 2/. (2012).

Studies were implemented also with different breeds and populations
(Table 1) but no clear differences or similarities could be found.
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The majority of studies on genetic parameters of MCP have also reported
heritabilities for milk production and composition traits which were,
in general, lower for milk production, acidity and SCS and similar for

milk composition traits, when compared to the heritability estimates for
MCP (Bittante et al., 2012).
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2.3. Selection for improvement of milk coagulation properties
2.3.1. Direct polygenetic selection

MCP are moderately heritable (Table 1), which suggests that direct
selection on MCP could be considered for improvement in these
economically important milk properties. Strong negative genetic
correlation between RCT and curd firmness (=0.77 to —0.97) has been
reported (Ikonen ez al., 1999a, 2004; Cassandro ez al., 2008; Penasa
et al.,, 2010; Cecchinato et al., 2011; Bonfatti er /., 2011; Cecchinato
et al., 2013) and indicates that selection for one of the MCP would
also result in improvement in the other trait. Useful information for the
consideration of direct polygenetic selection can be derived from genetic
correlations between MCP and economically important traits, such as
milk yield, milk composition and quality traits. Average correlations
between MCP and milk production and composition traits reported
in review by Bittante ez 4/. (2012) showed no detrimental associations,
supporting the potential for direct improvement of MCP. Moreover,
MCP seem to have favourable associations with fertility traits (Kaart ez
al., 2010). However, genetic associations found in previous studies are
inconsistent and further research on the estimation of these associations
is necessary. Furthermore, in the present situation, no well-established
high capacity methodology exists for measuring MCP and performing
mass selection routinely. As an alternative, Cassandro ez al. (2008)
suggested direct recording of MCP only in a random sample of available
daughters per sire, and Ikonen (2000) proposed that breeding values for
milk coagulation traits could be estimated for a selected important group
of dairy animals, e.g., bull dams and young Al-bulls.

2.3.2. Indirect polygenetic selection

Investigation into the possibilities for indirect selection for improvement
of MCP is based mainly on estimation of genetic correlations between
MCP and milk composition traits, to identify milk traits which are
sufficiently highly favourably genetically associated with MCP and which
could be routinely recorded. Inclusion of such traits in the total merit
index of breeding bulls would be the easiest way to indirectly improve

MCP (Tyrisevd, 2008).
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A review of studies on genetic and phenotypic relationships between
milk quality and composition traits and MCP showed that RCT has
negligible associations with milk traits (except for milk acidity), while
a firmer curd is associated moderately with higher protein and casein
contents (Bittante ez 4/, 2012). However, Ikonen ez 2l (2004) and
Joudu (2008) found that selection for higher protein content would
improve MCP, but it would probably not reduce the prevalence of NC
milk. To maintain both better MCP and reduce the occurrence of NC
milk, Ikonen ez al. (2004) suggested selection for low somatic cell count
(SCC). A favourable genetic association between SCC and MCP was
confirmed by Cecchinato ez /. (2011).

Milk acidity is the most highly correlated characteristic with MCP in
studies of genetic correlations between milk composition and quality
and MCP (Bittante ez /., 2012). Thus, pH and titratable acidity of milk
have been suggested for indirect selection for MCP (Ikonen ez al., 2004;
Cassandro et al., 2008; Cecchinato et al., 2011; Bittante ez al., 2012).

2.3.3. Marker-assisted selection

Increasing the frequency of the x-CN B allele in a dairy cattle
population has been of interest to the dairy industry, especially to cheese
manufacturers, for over two decades. Pinder ez 2/ (1991) observed a
low frequency of the x-CN B allele in USA Holstein Friesian bulls and
concluded that selection in favour of the B allele, which is superior for
cheese production, could thus have a large effect. Ng-Kwai-Hang ez al.
(1991) suggested genotyping bulls for the x-CN genotype, and using
sires with the homozygous x-CN B allele.

In a dairy cattle population with considerable frequency of the x-CN
E allele, selection against the E allele has been considered an option for
improvement of MCD, as this allele is unfavourably associated with MCP
and also with some milk composition traits (Ikonen, 2000), but it would
not affect the occurrence of NC milk (Ikonen ez al., 1999a; Tyrisevi,
2008).

Some studies agree with the possibility of improving MCP by selecting
for protein genetic variants 3-CN B, x-CN B (Comin ez a/., 2008) and

additionally B-LG B (Jensen, 2012). However, Heck (2009) found no
influence of gene variants of B-LG on the composition of the casein
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and thus suggested no influence of selection for the f-LG B on the milk
coagulation process.

Recent studies have shown that heritability of MCP is still appreciable
after adjustment for protein genotypes or haplotypes, suggesting that
phenotype recording and polygenetic selection of these traits cannot be
replaced solely by genotyping of animals only for milk protein variants
(Penasa et al., 2010; Bonfatti et al., 2011). However, the constant
monitoring of milk protein variation in different breeds of cattle is an
essential practice in the aim of avoiding an increase in frequencies of
mutations with unfavourable effects on cheese-making (Caroli ez /.,
2009).
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3. AIMS OF THE STUDY

Milk coagulation properties are found to have moderate genetic
variation, which implies good potential for genetic improvement of these
economically important milk properties. However, different analytical
techniques are applied for recording milk coagulation properties, using
instruments with different working principle, which may potentially
influence study results.

Based on this knowledge, current study hypotheses were:

Genetic variation within Estonian Holstein breed exists in milk
coagulation properties and improvement of these milk properties
by selective breeding is possible;

Measurements of milk coagulation properties derived from
different analytical techniques (mechanical and optical
measurements) are transformable into common scale.

Considering this, the main aims of this study were:

To estimate heritability and repeatability of milk coagulation
properties in Estonian Holstein cattle (I);

To estimate genetic correlation of milk coagulation properties
with milk yield and composition (I);

To estimate the effect of composite B-k-casein genotypes on
coagulation and composition of milk (IIT);

To estimate the proportion of additive genetic variation of milk
coagulation and composition traits described by p-x-casein
genotypes (III);

To propose a method for the transformation of the values of milk
coagulation traits, analysed using different analytical techniques

(IT).
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4. MATERIALS AND METHODS

4.1. Data collection

Milk samples from Estonian Holstein (EHF) cows (I, ITI) were collected
during routine milk recording by the Estonian Animal Recording Centre
(EARC) as a part of a development project for the Bio-Competence
Centre of Healthy Dairy products LLC during the period from April
2005 to May 2010 (Table 2). The individual milk samples were a mixture
of all test-day milkings or only the morning, afternoon or evening
milkings on the test-day. Repeated milk samples per cow for the first
to third lactation were collected during 7 to 305 days in milk, generally
with an interval of 2 to 3 months. Cows from different herds across the
country were selected by the Animal Breeders' Association of Estonia.
Pedigree information from three generations of ancestors was obtained

from the EARC.

In the current study, poor coagulation is indicated by curd firmness that
does not exceed 20 mm after the addition of rennet. Non-coagulation
was defined if milk did not coagulate within 30 min, i.e. curd firmness
is 0 mm. NC milk samples were excluded from analyses in studies I and
III, i.e. 52 (0.3%) and 138 (0.6%) samples respectively. Additionally,
milk samples with a pH level lower than 6.5, indicative of colostrum
(Bhandari, Singh, 2002), and those samples outside expected ranges
following suggestions from the International Committee for Animal
Recording for the limits of milk yield, fat and protein percentage (ICAR,
2009), were eliminated as potentially inaccurate measurements and
unreliable samples. Moreover, individual cow lactations with less than
three measurements and herds with less than 10 and 5 cows, in studies I
and III respectively, were excluded.

Milk samples from Italian Holstein cows (II) were collected in two
freestall barns in Italy in October 2010 during the morning milking of
the test-day. Days in milk of these cows varied from 5 to 703 in lactations
lto7.
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Table 2. Basic description of studies.

Paper
Number of I 11 111
samples 17,577 165 23,970
cows 4,191 165 2,859
sires 274 - 229
herds 73 2 78
lactations 1 7 3
Collection time  April 2005 to October 2010 April 2005 to
January 2009 May 2010

Design Repeated measures 4 sub-samples Repeated measures
per cow per cow per cow
Laboratories' Lab, Lab, Lab,
Laby;, Lab,, Labyg,
Lab,,
Studied traits MCP, MT, MCP, MT, MCP, MT
milk pH, urea milk pH

'Lab, ... — Laboratory of Milk Quality of the Estonian University of Life Sciences

ESTI
(Tartu, Estonia); Lab, ., — the Milk Analysis Laboratory of EARC (Tartu, Estonia);

Lab . — the Milk Laboratory of the Veneto Region Breeders Association (Padova,

IT1

Italy); Lab,, — the Milk Quality Laboratory of Veneto Agricoltura Institute (Thiene,
Italy).

2 MT — milk traits: yield, protein%, fat%, somatic cell count; MCP — milk coagulation
properties: coagulation time and curd firmness [E, in (I, IT) and a, in (IIT)].

The milk samples from all studies were preserved with Bronopol (Knoll
Pharmaceuticals, Nottingham, UK) and stored at 4 °C during the
transportation and analysis periods.

The milk samples were analysed for fat percentage, protein percentage,
and urea using the MilkoScan 4000 and MilkoScan FT6000, and for
SCC using the Fossomatic 400 and Fossomatic 5000 cell counter (all
equipment from Foss, Hillerod, Denmark) at the LatbEST2 (Table 2; 1,
III) and at the Lab, (Table 2; II), using methods suggested by the
International Committee for Animal Recording (ICAR, 2009). SCC
were log-transformed to SCS thus: SCS = log (SCC/100,000) + 3.

Milk pH was determined using a Seven Multi pH meter equipped with
InLab 413 electrode (Mettler Toledo GmbH, Greifensee, Switzerland) at
a temperature of 20 °C (I, III) and a pH-Burette 24 (Crison Instruments,
Barcelona, Spain) in study II before analysing the MCP.
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Milk coagulation traits were determined at the Lab
IL, III). The Lab . and the Lab
analysis of MCP (II).

ST (Table 2; 1,
(Table 2) were used for the parallel

1T2

In studies I and III milk coagulation traits were measured generally three
days after sampling. The proportion of milk samples with an age of 7
to 12 days was very small (less than 1%). In study II milk coagulation
analyses were performed on the second and third day after sampling. All
the subsamples from each cow were analysed on the same day in every
three laboratories.

The analytical technique used for milk coagulation analyses in the

Lab_ . (I, III) is described in publication I. In articles I and III the milk
coagulation traits of milk coagulation time (RCT) and curd firmness
(E,,» a,) were studied. Curd firmness was measured originally with
an optical signal, in volts (a30), and transformed into millimetres (an)
using a calibration equation (Kibarsepp ez al., 2005a). Transformed
curd firmness E, was analysed in articles I and II to be able to compare
genetic parameters (I), descriptive statistics and phenotypic associations
(I, II) with previous studies using mechanical measurements of milk
coagulation. In article III, the original values of curd firmness a,, were
used. Curd firmness in volts and in millimetres, are indicated as a, and
E,, respectively, throughout the results and discussion section of this
thesis. In discussion about curd firmness in general, no abbreviations are

used.

Different analytical techniques for milk coagulation analyses used in the

study II are described in brief in Table 3.

Blood samples of 3,354 Estonian Holstein cows, those from which milk
samples had been taken, were collected in tubes containing KaEDTA
during years 2007 to 2009. Whole blood was used to extract genomic
DNA for genotyping. To evaluate the effect of the milk protein genetic
variants on the MCP and composition of milk, single nucleotide
polymorphisms in the casein gene cluster were studied using ASO-PCR
(B-CN) and RFLP-PCR (x-CN) of the relevant DNA regions (III).
The samples were analysed for milk protein gene polymorphisms in
the Laboratory of Animal Genetics of the Estonian University of Life
Sciences.
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Table 3. Description of analytical techniques used for milk coagulation analyses of
sub-samples of 165 cows (methodologies A, B, C) and random sub-samples of 60 cows
(methodology C*) in the study IL

Metho- Rennet activity
Laboratory  Instrument Rennet (IMCU/mL of
dology .
milk)
A Lab Computerized Hansen standard 0.051
renneting meter 160!
[Polo Trade
(Monselice, Italy)]
B Lab, Lattodinamografo ~ Hansen standard 0.051
[Foss-Italia (Padova, 160
Italy)]
C Lab,g, Optigraph Milase MRS 6002 0.120
[Ysebaert (Frépillon,
France)]
C* Lab, ., Optigraph Hansen standard 0.051
[Ysebaert (Frépillon, 160
France)]

! Pacovis Amrein AG (Bern, Switzerland); calf rennet containing 80% chymosin and
20% pepsin.

2 CSK Food Enrichment B.V. (Leeuwarden, the Netherlands); microbial rennet
containing 100% chymosin.

4.2. Statistical analyses
4.2.1. Animal models

Statistical analyses in studies I and III were carried out using repeatability
animal model (I) and random regression animal model (III, for milk
coagulation traits in study I) in ASReml (Gilmour ez 4., 2002).

To account for the similarities between related animals, additive genetic
relationship matrices including 17,185 and 20,791 animals were used in
the animal models of studies I and III, respectively. All animal models
considered random effects of herd, additive genetic component and
permanent environment. Fixed effects in repeatability and random
regression animal model in the study I included calving age, year-season
of sampling and year-season of calving. The fixed effect of lactation stage
was modelled as a quadratic polynomial of days in milk in the repeatability
animal model and as a second-order Legendre polynomial in the random
regression animal model. The latter also included second-order Legendre
polynomials for additive genetic and environmental effect, except for
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first-order Legendre polynomial for permanent environmental effect of

RCT.

Two random regression animal models used in study III included fixed
effects of calving age (nested within lactation), sample age (only for milk
coagulation traits), year-season of sampling, year-season of calving and
fixed lactation stage and composite B-k-CN effects modelled as third-
order Legendre polynomials (the reduced model excluded fixed effect
of B-x-CN). Random additive genetic and permanent environmental
effects were modelled as zero to third order Legendre polynomials of
days in milk, order depending on the trait.

4.2.2. Genetic parameters and composite genotype effects

Heritabilities (h?) and repeatabilities (r) were calculated as described in
paper I, using variance components from univariate repeatability animal
models. Genetic correlations were estimated from bivariate repeatability
animal models. All these calculations were performed in ASReml
(Gilmour et al., 2002).

Additional heritability and repeatability estimates with the random
regression animal model in study I and dynamics of additive genetic
variation in study III were calculated based on covariance matrixes of
Legendre polynomials using SAS software version 9.2 (SAS Institute,
2008).

Composite genotype effects for milk coagulation and composition traits
in study III were calculated in SAS software version 9.2 (SAS Institute,
2008) as sums of differences between daily values of average and
genotype-specific lactation curves obtained by the random regression
animal model.

4.2.3. Correlation and regression analysis

Correlation and regression analyses were used in study II for estimating
associations between milk coagulation traits measured with different
analytical techniques.

Two regression models were estimated for both milk coagulation traits.
The first model was a single trait regression on the same coagulation
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trait, measured with a different analytical technique. The second model
included both coagulations traits, measured with a different analytical
technique, as independent variables.

For estimation of NC probability of milk samples for different analytical
techniques, logistic regression and ROC analyses were used. Additionally,
sensitivity, specificity and area under the ROC curve were used to
describe the accuracy of the estimation.

All these analyses were performed in SAS software version 9.2 (SAS
Institute, 2008).

Figures were prepeared in MS Excel in publications I and IIT and in R
software (version 2.10.1; http://www.r-project.org) in the publication II.
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5. RESULTS AND DISCUSSION

5.1. Milk coagulation properties of Estonian Holstein cows

Joint dataset of studies I and III included milk samples from 4,228 EHF
cows in their first lactation, 1,917 cows in second lactation and 1,071
cows in third lactation. On average, milk coagulation traits were stable
during the three lactation periods, only RCT decreased very slightly
and was somewhat favourable in the third lactation (Table 4). Average
milk yield increased and average SCS and milk urea decreased in later
lactations. The other milk composition traits were also stable throughout
all lactations. Traits with stable lactation averages also had minor changes
in variation in different lactations.

Table 4. Number of samples, mean and standard deviation (SD) of the milk production,
composition and coagulation traits in the joint datasets from studies I and IIL

Trait I lactation II lactation III lactation
Count Mean SD Count Mean SD Count Mean SD

RCT, min 17,763 105 2.4 7934 103 2.2 4,372 9.6 2.0
E,, mm 17,763 269 74 7934 267 8.0 4,372 267 8.1
a, VvV 17,763 13.7 4.0 7934 13.7 4.3 4,372 13.7 43
Milk yield, kg 17,762 25.8 7.1 7934 28.8 9.7 4,372 30.2 10.5
Fat, % 17,739 4.0 0.7 7933 4.1 0.8 4,371 4.1 0.8
Protein, % 17,758 3.4 0.3 7934 34 04 4,372 34 04
SCS 17,757 5.2 3.7 7934 35 2.0 4,372 3.8 2.0
pH 17,763 6.6 0.1 7934 6.7 0.1 4,372 6.6 0.1

Urea, mg/L 17401  26.8 83 7907 26.6 85 4,364 235 7.6

The largest portion (66.8%) of milk samples had good coagulation
(Figure 1), forming curd with firmness of 20-35 mm. Although the
proportions of milk samples in the different milk coagulation classes were
very similar for the three lactation periods, there was a decrease of 6.2
percentage points in milk samples with good coagulation, while about
a 3 percentage points increase of milk samples with poor or excellent
coagulation occurred. The percentage of NC milk samples was 0.2%.
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Figure 1. Distribution of samples in milk coagulation classes in three lactations and
overall (behind the bars) in the joint dataset from studies I and III. Milk coagulation
classes: NC — non-coagulation (OSE30<3 mmy); PC — poor coagulation (3SE30<19.9 mm);
GC — good coagulation (20<E, <35 mm); EC — excellent coagulation (35<E, <53 mm).

The proportions of daughter’s milk sample coagulation classes
corresponding to different sires are shown in Figure 2.
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Figure 2. Distribution of milk sample coagulation classes of daughters by sire (at least 50
milk samples in total per sire in joint dataset of studies of I and III). Milk coagulation
classes: NC — non-coagulation (OSE30<3 mm); PC — poor coagulation (33E30<19.9 mm);
GC — good coagulation (20<E, <35 mm); EC — excellent coagulation (35<E, <53 mm).
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In general, the proportion of milk samples with good coagulation was
quite similar for different sires, while the percentage of PC milk samples
and excellently coagulating milk samples varied remarkably. This is an
indication of genetic variation in the MCP of EHF cows. The percentage
of NC milk samples from daughters per sire was marginal with maximum
of 1.8%. lkonen er al. (1999a) and Tyrisevd (2008) reported large
differences between sires in proportions of daughters producing NC
milk, also suggesting that cause for occurrence of NC is partly genetic.

In the first lactation (I), phenotypic correlation between milk
coagulation traits RCT and E, (-0.22) was considerably lower than the
corresponding results in previous studies (Ikonen ez al., 1999a, 2004;
Tyrisevi et al., 2004; Cassandro ez al., 2008). An association of the same
magnitude was confirmed in study II (-0.23). Phenotypic correlations
of these milk coagulation traits with milk production and composition
traits were low, except for moderately strong correlations for RCT with
milk pH level and for E, with milk protein percentage. Compared to
previous studies (Ikonen ez 2/, 1999a, 2004; Cassandro ez al., 2008) a
somewhat higher positive phenotypic correlation for protein percentage
with both milk coagulation traits, and a lower phenotypic correlation
between an and pH level, were found.

The association of E, with protein percentage can be explained by the
key role of casein in the milk coagulation process. Aggregation of casein
micelles, the second phase of rennet coagulation process, starts only
after about 87% of x-casein is enzymatically degraded (Lucey, 2002b).
Van Hooijdonk ez al. (1986) reported that the optimum pH for hydrolysis
of x-casein is in the range from 5.1 to 5.3. This could explain the positive
phenotypic correlation between RCT and pH levels, suggesting that a
lower pH shortens RCT.

5.2. Influence of investigated environmental factors on milk
coagulation traits

Rennet coagulation time increased toward the end of the first lactation
and stabilized after day 180 to less favourable values. Curd firmness
showed a different pattern with less favourable values during the first
part of lactation, and more favourable (higher) values toward the end
of the lactation (Figure 3, I). However, several studies have observed
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poorest MCP in mid-lactation (Ikonen ez al., 2004; Tyrisevi et al., 2004;
Joudu, 2008; Leitner ez al., 2012).
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Figure 3. Lactation curve of log-transformed milk coagulation time [log(RCT)] and
curd firmness (E,,) during the first lactation period from 7 to 305 days in milk (I).

RCT and E,; were not strongly influenced by differences between
herds: the proportion of variation due to the herd was 0.04 for RCT
and 0.03 for E, | (I). These proportions were smaller than those for milk
production and composition traits. This is consistent with Tyrisevd ez
al. (2004). Milk coagulation properties therefore seem to be affected
to a lesser extent by the herd environment than are milk composition
traits. This suggests that it is difficult to improve MCP properties by herd
management factors such as nutrition.

There was a significant effect (p < 0.001) of year-season of sampling and
year-season of calving on both milk coagulation traits (III). RCT was
also significantly affected by sample age and calving age within lactation
(p < 0.001), while these effects on a,  were not significant (p = 0.077 and
p = 0.153, respectively).
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5.3. Polygenetic determination of milk coagulation traits

Heritability estimates for the first lactation milk coagulation traits were
higher than those for milk yield and composition traits (I). Heritabilities
of milk coagulation traits were 0.41 for curd firmness and 0.28 for RCT
(Table 5). The heritability estimate for RCT was similar to that reported
by Ikonen ez al. (2004) and Bonfatti ez al. (2011) but somewhat higher
than other recent estimates (0.21 to 0.25) reported for Finnish and Italian
dairy cattle populations (Table 1), with the exception of an estimate of
0.32 by Cecchinato ez a/l. (2009). Also another study, by Kaart ez al.
(2010), on the Estonian Holstein cow population found a somewhat
higher heritability for RCT (0.34). A heritability of E, was consistent
with the estimates 0.39 to 0.41 reported by Oloffs ez al. (1992) and
Ikonen et al. (1997, 1999a), and somewhat lower than the estimates of
0.44 and 0.57 by Kaart ez /. (2010) and Ikonen ez al. (1997), respectively.
However, all recent studies in the last decade have reported considerably
lower estimates (0.12 to 0.24) in Finnish and Italian dairy cattle
(Table 1) than those found in Estonian Holstein cattle. These differences
may be due to genetically different cattle populations that have been
under different conditions of selective breeding. Breeding goal for
Estonian dairy cattle includes only fat and protein yields (Piimaveiste
polvnemis- ja ..., 2012). In addition to selection for fat and protein
yields, Italian and Finnish selection indices have also included some
weighting for protein percentage and SCS, which are moderately
genetically correlated with curd firmness. Therefore, a slight indirect
selection for curd firmness might have reduced additive genetic variation
in curd firmness in these cow populations. The difference in analytical
and statistical methods might also have some influence on the variation
of milk coagulation traits.
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Table 5. Genetic parameters with standard error (in brackets) of milk coagulation
traits for first lactation Estonian Holstein cows (modified from I).

Parameter E, RCT
Heritability 0.41 (0.04) 0.28 (0.04)
Repeatability 0.50 (0.01) 0.45 (0.01)
Genetic correlation with
RCT, min —-0.16 (0.09) -
Milk yield, kg —0.29 (0.11) -0.07 (0.12)
Fat, % 0.25 (0.09) —0.10 (0.10)
Protein, % 0.48 (0.07) 0.19 (0.10)
SCS —-0.04 (0.15) —-0.06 (0.15)
Urea, mg/L 0.19 (0.12) ~0.00 (0.12)
pH —-0.06 (0.09) 0.69 (0.05)

Repeatabilities for RCT (0.45) and E, | (0.50) were high, and of the same
order of magnitude as repeatabilities for milk yield (0.47) and protein
percentage (0.46). Repeatabilities for RCT and E,, reported in Finnish
studies by Ikonen ez al. (1997) and Tyrisevi ez al. (2003), were somewhat
higher (from 0.57 to 0.68) than those reported here, which may also
reflect the different measurement aspects of coagulation in these studies.
The high repeatability estimates for RCT and E, in the current study,
however, show that only a few measurements are needed for reliable
genetic estimation of milk coagulation properties. Tyrisevi ez al. (2003)
proposed that, in order to estimate reliably the average milk coagulation
ability of a cow in genetic evaluations, cows should be sampled at least
three times during lactation.

Genetic correlation between the two milk coagulation traits was negligible
(Table 5), suggesting that milk coagulation time and curd firmness,
when measured by the Optigraph, are mainly influenced by different
genes. Genetic correlations between milk coagulation and milk yield
and composition traits were mainly low. Curd firmness had the highest
genetic correlation with milk protein percentage (0.48), suggesting that
a high protein percentage results in a favourable E, . Cassandro ez al.
(2008) reported a correlation of 0.44 between E, and protein percentage,
which is in agreement with the current results. The genetic correlations
of -0.24 and -0.07 reported by lkonen ez al. (1999a, 2004) for the
same traits, however, are different. These inconsistencies indicate that
many factors may influence the relationship between E, and protein
percentage, such as protein composition, sample size, breed, model and
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instruments, and variation in time between milk sampling and analysis.
Milk coagulation time had the strongest genetic correlation with pH
(0.69). A high pH level is therefore associated with a less favourable
RCT. This result is consistent with previous studies (Ikonen ez al., 1999a,
2004; Cassandro ez al., 2008), which also reported a moderate to high
genetic correlation between RCT and pH (0.40 to 0.81). A moderate to
high genetic correlation (-0.30 to -0.85) between E, and pH observed
in previous studies (Ikonen ez al., 1999a, 2004; Cassandro et a/., 2008),
however, was not found in the current study, where a zero genetic
correlation between E, and pH was estimated. Curd firmness showed
a weak positive genetic correlation with milk fat percentage (0.25) and
a weak negative genetic correlation with milk yield (-0.29). Therefore,
selection for improved curd firmness may be associated with a somewhat
higher fat percentage and slightly reduced milk production. Genetic
correlations for E,| with milk yield and fat percentage were negligible
in previous studies (Ikonen ez 4l., 1999a, 2004; Cassandro ez al., 2008).

Some studies have reported moderate favourable genetic association
between milk coagulation properties and SCS (lkonen ez al., 2004;
Cassandro ez al., 2008; Cecchinato ez al., 2011) indicating that lower
SCS are associated with improved milk coagulation properties. This
association was not confirmed in study I.

5.4. Frequencies and effects of composite -x-casein genotype of
Estonian Holstein cows

There were two more frequent -x-casein composite genotypes: A2A2AA
and A1A2AA, with prevalence of 27.4% and 23.1%, respectively (III).
The percentages of the remaining 31 genotypes were less than 8%,
including 20 genotypes with a percentage of less than 1%. Linkage
between two CN loci was observed, as the x-CN E allele predominantly
occurred with the f-CN Al allele and the -CN B allele predominantly
occurred with the x-CN B allele as also found by Heck ez /. (2009) in
the Dutch Holstein Friesian population. Ikonen (2000) also reported a
tight linkage disequilibrium between the x-CN B allele and the B-CN A1
allele in Finnish Ayrshire and Finnish Friesian cattle, but this association
was not confirmed by study III.
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The more common B-CN Al and A2 alleles comprised about 90% of the
(-CN alleles in total, while the x-CN A allele had a frequency of 73.8%
(Table 6). Comparison with previous xk-CN allele frequencies in the EHF
population showed slight increase of k-CN B allele during the last decade,
but the frequency of this allele was still lower than that reported by Toome
(1972), who reported a frequency of 0.307 for this x-CN variant in local
Estonian Black-and-White breed prior the introduction of Holstein
gene. The prevalence of the x-CN B allele in 1972 was similar to that
for Estonian Native cattle reported by Joudu ez /. (2007). In general,
allele frequencies of f-CN and x-CN reported in large scale studies (II1;
Visker et al., 2011; Comin et al., 2008) were similar for the EHE Dutch
and Italian Holstein Friesian populations. The prevalence of the x-CN B
allele, though, was higher in Dutch Holstein Friesian cows compared to
the Italian Holstein Friesian and Estonian Holstein populations, which
had similar proportions of this xk-CN variant. The rarely reported -CN
I allele appeared with a frequency of 0.062 in Estonian Holsteins. This
was somewhat lower compared to the prevalence of 0.192 in Dutch
Holstein Friesian cows (Visker et al., 2011) and 0.12 in Italian Holstein
Friesian cows Jann ez a/. (2002) while it is in line with the frequency of
0.058 presented by Bonfatti ez /. (2011) in Simmental cattle.

Table 6. Allele frequencies of B-casein and x-casein in different dairy cattle populations
and in previous studies in EHF cows. The number of animals is presented in brackets.

Casei Dutch Italian Simmental® Estonian Estonian Estonian
al?:leem HF! HF? Holstein® Holstein®>  Native®
(1,854) (973) (2,167) (2,859) (609) (118)
B-Cn Al 0.283 0.367 0.188 0.318 - 0.318
A2 0.504 0.575 0.596 0.586 - 0.644
A3 0.001 0.003 - 0.001 - -
B 0.020 0.055 0.158 0.033 - 0.380
1 0.192 - 0.058 0.062 - -
x-Cn A 0.600 0.689 0.652 0.738 0.790 0.695
B 0.310 0.217 0.348 0.195 0.138 0.305
E 0.090 0.094 - 0.066 0.072 -

WVisker ez al. (2011); *Comin ez a/l. (2008); *Bonfatti ez /. (2011); “(III); *Kiibarsepp ez a/.
(2006); °Joudu et al. (2007).

Study III showed that the most common (-x-CN genotypes, A2A2AA
and A1A2AA, were associated with poor milk coagulation properties
(Figure 4). This was in agreement with a study on Danish Jersey and
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Holstein Friesians by Jensen ez al. (2012b), which reported a genetic
contribution of the a -f-x-CN composite genotype BBA2A2AA to
impaired milk coagulation.

Some studies on composite casein genotypes have reported a favourable
effect of the B allele of both x-CN and p-CN on milk coagulation
traits (Comin ez al., 2008; Bonfatti ez al., 2010a). Jensen ez al. (2012a)
observed a high prevalence of B variants of both caseins in milk with
good coagulation ability. As in the studies by Comin ez /. (2008) and
Bonfatti ez al. (2010a), a favourable effect of the B-CN B allele on milk
coagulation traits was found in study III. As indicated by groups based
on x-CN genotypes (Figure 4), however, k-CN seemed to have a greater
influence on these traits, as was also suggested by Comin ez a/. (2008).
Furthermore, the order of the three k-CN genotypes was clear for a,
in the B-x-CN composite genotypes: BB > AB > AA (Figures 4 and 5).
This order of x-CN genotypes corresponded to the concentration and
proportion of k-CN described by McLean ez al. (1984), lkonen et al.
(1997), Mayer et al. (1997), and Hallén ez al. (2008). Wedholm ez
al. (2006), Hallén ez al. (2010) and Jensen et al. (2012b) found a low
x-CN concentration to be a risk factor for NC of milk. Therefore, the
association of the k-CN B variant with milk coagulation traits may be
due to a difference in protein composition, as was also suggested by
Bonfatti ez /. (2010a).
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Figure 4. Estimated total -k-CN genotype effects for curd firmness (a,;) and log-
transformed milk coagulation time [log(RCT)] as deviations from the overall mean. The
genotypes in bold are those including the f-CN T allele; the two groups of genotypes
surrounded by dotted lines comprise the x-CN BB genotype (composite genotypes
of favourable coagulation) or exclude the x-CN B allele (except for two rare variants;
composite genotypes of unfavourable coagulation), respectively (III).

There was also strong indication of the existence of the B-x-CN IB
haplotype, which had a favourable effect on curd firmness and protein
percentage of milk (Figure 5). This is consistent with a moderate
positive genetic correlation between E, and protein percentage in study
I suggesting the existence of common genes influencing these traits.
Visker et al. (2011) found a positive effect of the B-CN I variant on
protein percentage and suggested the association between p-x-CN IB
haplotype and protein percentage likely to result from the x-CN B
variant. In study III, the favourable association of B-k-CN haplotype
IB with protein percentage, however, seemed to derive from the positive
effect of the B-CN I variant rather than from the effect of the x-CN B
variant (Figure 5). However, the frequency of this haplotype was too low
to confidently draw any final conclusions. A recent study by Jensen ez al.
(2012a) reported a prevalence of the B-CN I variant in milk with both
good and poor coagulation ability.
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Figure 5. Estimated total 8-x-CN genotype effects for protein percentage and curd
firmness (a,) as deviations from the overall mean. Genotypes in bold are those including
the B-CN I allele; the two groups of genotypes surrounded by dotted lines comprise
the x-CN BB genotype or exclude the x-CN B allele (except for two rare variants),
respectively (ITI).

Including the composite B-k-CN genotype resulted in a decrease in
the additive genetic variation of RCT and a, by 12.9% and 51.1%,
respectively (III). This change was a change of proportion, but the
dynamics stayed the same throughout the lactation (Figure 6). A similar
decrease of 68% for a,  was reported by Penasa et /. (2010). The decrease
for RCT was comparable with the 20% decrease described by Ikonen
et al. (1999a). However, the study by lkonen ez al. (1999a) included
both Finnish Friesian and Finnish Ayrshire breeds and additionally
considered a -LG effect. The animal models used by Penasa ez a/. (2010)
and ITkonen ez al. (1999a) did not include a permanent environmental
variance component, which may also cause some of the differences
in their results regarding the effect of milk protein polymorphism on
the additive genetic variance. Moreover, different methodologies used
resulted in different variability of milk coagulation traits (II), which may
also affect the changes in the genetic variability of milk coagulation traits.
Similar to the reports by Penasa ez al. (2010) and Ikonen ez al. (1999a),
the B-x-CN genotype effects on milk yield, protein and fat percentages,
and SCS additive genetic variance were marginal.

43



12

10

-
-
- L d
8 -
>" 6 - -~
C¥ = =
4
2
0
(e (e [en] o o [en] [e] (e o o
O O [ N [Te) o] — < ~ (]
— — — N N N [Sa]
Days in milk
0.014
0012
g
& 0.010
=
Q
& 0.008
&0
)
0.006
0.004

] (=} ]
Sl o (e

120
80

[
n
—

210
240
270
300

—

Days in milk

Figure 6. Dynamics of additive genetic variance of milk coagulation traits (log-
transformed RCT and a,)) during lactation (7 to 305 days in milk) considering the
f-x-CN genotype effect (solid line) and excluding the f-x-CN genotype effect (dashed
line) as a third-order Legendre polynomial of days in milk (modified from III).

As stated by Caroli ez al. (2009), milk protein polymorphism is important
for possible technological use, and designing milk with different protein
structures appropriate for its specific use is becoming more and more
feasible for breeders and is an important task for animal geneticists.
Ikonen ez al. (1999b) suggested that it is important to know the structure
of population with regard to the milk protein genotypes, before effects of
casein are estimated and casein genotypes are considered for selection in
a dairy cattle population. From the perspective of selective breeding one
should consider the influence of casein polymorphism on possibly many
economically important traits, while improving MCP. The current study
suggested no negative influence on milk production and composition
traits. The effect of the composite p-x-CN genotype was significant for
MCP and protein content (p < 0.001), while the significance probability
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of the genotype effect for fat percentage was 0.096. No significant effects
of these genotypes for milk yield and SCS were detected (III). Ojala ez
al. (2004) found a statistically significant effect of B-k-CN genotype on
body weight in Finnish Ayrshire cows, but the differences in body weight
between the individual composite casein genotypes were negligible. The
influence of B-k-CN genotype on milk production and composition was
statistically significant in studies by Ikonen ez /. (2001) and Ojala ez al.
(2004), while Comin ez al. (2008) presented results for Italian Holstein
Friesians indicating no significant effect on these traits, except for milk
and protein yield. Routtinen ez al. (2004) concluded that selection
based on B-x-CN polymorphism should have no substantial impact on
the fertility of Finnish Ayrshire heifers and cows. Similar results were
reported for Dutch Holstein Friesian cattle by Demeter ez /. (2010),
who found no significant association between cow fertility and milk
protein variants, suggesting no unfavourable effect of milk composition
improvement on the reproductive performance of dairy cattle. Although
contradictory effects of casein polymorphism on milk production and
composition traits exist, the results of no detrimental genetic association
of these traits with milk coagulation traits (I; Hallén ez 4/, 2007;
Cecchinato ez al., 2011) suggest that inclusion of casein genotypes into
breeding programmes is reasonable.

5.5. Transformation of milk coagulation traits and predicting non-
coagulation

A variety of instruments are used in research on milk coagulation, as
indicated in the review section 2.1. Also other aspects of analytical
techniques accompanying the instruments, e.g. type and activity of
coagulant used, vary. This may have an influence on the measurement values
and variation, the proportion of NC milk samples and further estimates
of genetic parameters of milk coagulation traits. The genetic association
between milk coagulation traits measured with the Optigraph (OPT)
was quite small (I), compared to the corresponding association between
these traits derived by the Formagraph (Ikonen ez al., 1999a, 2004) and
by the Computerized Renneting Meter (Cassandro ez 4/., 2008). This may
indicate that coagulation aspects measured by the Optigraph device and
other devices used may be different. Therefore, it would be important for
comparisons between studies on MCP to examine the comparability of
analytical techniques for measuring MCP.
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Study II compared three different analytical techniques for measuring
MCP used in Italian and Estonian laboratories (Table 3), identified as
methodologies A, B, C. The results confirmed that the MCP measured with
different methodologies, with different instruments and rennet activity, may
give considerably different values (Table 7), and to use them in joint genetic
evaluation, some transformation into one common scale is needed. Mean
values of milk coagulation properties derived by methodologies used in Italy
in this study were similar to those previously reported by Cassandro ez al.
(2008) for Italian Holstein Friesians, while using Estonian methodology
resulted in mean values that were in accordance with values in study I for
the Estonian Holstein population.

Table 7. Number of coagulated (CO) and non-coagulated (NC) milk samples, mean
and standard deviation (SD) derived by using different methodologies for measuring

RCT and E, | (modified from II).

Metho- Number of RCT?, min anl, mm
dology  coO NC Mean SD Mean SD
A 158 7 (4.2%)P 15.6° 4.0° 36.2° 9.9
B 146 19 (11.5%) 18.2 4.5 296> 12.9°
C 164 1 (0.6%) 8.0° 1.8 29.7b 8.5
C* 30 30 (50.0%) 21.0 4.9 59 3.1

=< Proportions of noncoagulated samples, means and SD within column with different
superscripts differ (p < 0.05).

! Only coagulated samples with A, B and C methodologies (n = 145) and C* methodology
(n = 30).

Inconsistent associations between MCP presented in previous studies
(Cassandro ez al., 2008; I) using different methodologies were confirmed
(I). The E,; values measured with different methodologies were less
related to each other than the RCT. This is in agreement with less
favourable values for analytical repeatability and reproducibility for E,|
compared with RCT, reported by Dal Zotto e# al. (2008) for measures
of milk coagulation traits obtained using the Computerized Renneting
Meter (CRM). Further, changes in optical properties, monitored by the
Optigraph, are not exclusively related to curd firming (O’Callaghan ez
al., 1999). Therefore, curd firmness is more dependent on principles of
measurement than RCT.

Higher consistency in RCT values than in E,  values between different studied
methodologies (Figures 7 and 8) also resulted in better transformation ability
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by regression analysis for RCT measurements (coeflicient of determination,
R?, ranged from 0.77 to 0.82). The most reliable conversion of E30 values
was between the two methodologies A and B using the mechanical
technique (R? = 0.63). In case of transformation from E, values derived
by methodology C (optical technique) into either of methodologies using
mechanical instrument, however, both milk coagulation traits derived
by the mechanical technique should be included as arguments into the
transformation equation (R* = 0.55 and R* = 0.73 for prediction of E,|
values measured with methodologies A and B, respectively).
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Figure 7. Distribution, regression parameters and regression line (solid line) shown with
95% confidence intervals (dashed lines) of milk rennet coagulation time (RCT, min)
measured using three different methodologies indicated with A, B, and C in brackets,
described in more detail in Table 3, for the coagulated samples with all methodologies
(n = 145; p < 0.05 for all models). RMSE = root mean square error (II).
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Figure 8. Distribution, regression parameters and regression line (solid line) shown
with 95% confidence interval (dashed lines) of curd firmness (E,, mm) measured with
3 different methodologies indicated with A, B, and C in brackets, described in more
detail in Table 3, for the coagulated samples with all methodologies (n = 145; p < 0.05
for all models). RMSE = root mean square error (II).

Additional analysis comparing results of methodologies A, B and C*
with uniformed coagulant activity showed similar mean values of RCT
of coagulated samples for all methodologies. The mean for E, , measured
by OPT, however, decreased considerably compared to the mean value
derived by methodology C with higher coagulant activity (Table 7).
Moreover, the relationships between MCP measured with C* and other
methodologies decreased compared with C, especially for E . From
these results a conclusion was drawn that more rennet is needed for the
OPT than the LAT and the CRM, because a higher activity of rennet
in the milk is needed to cause differences in the optical signal. However,
Cipolat-Gotet e al. (2012) reported similar mean values of RCT and
E,, for both methodologies, while comparing the same mechanical and
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optical techniques in uniform conditions with low rennet activity used
in methodologies B and C* in the same laboratory, using milk samples
of Brown Swiss cows. Furthermore, the percentages of NC milk samples
were 11.5% and 50.0% for methodologies B and C* (II), respectively,
while small differences of proportions of NC samples were observed
by using these methodologies in the uniform experimental conditions
of Cipolat-Gotet ¢t al. (2012), reporting NC of 6.6% and 2.3%
corresponding to methodologies B and C* in II, respectively.

Therefore, differences in mean values of E, | and proportions of NC milk
samples by B and C* observed in study II compared to the study by
Cipolat-Gotet ez al. (2012), under more uniform analytical conditions
may indicate the influence of experimental conditions (e.g. instrument
settings, sample age and conservation, effect of storage conditions
on rennet quality) on these indirect measures of E, by OPT, rather
than the effect of different type or concentration of rennet. Also, the
instrument effect could have some influence on measurements, because
there is no standard calibration available for measuring MCP in different
laboratories. Moreover, an old version of the OPT device was used in
study II. The higher proportions of NC milk samples observed in study
II compared to the study by Cipolat-Gotet ez /. (2012) may also reflect
some breed effect. The milk from Italian Holstein Friesian cows, used
in study II, had poorer MCP compared to the milk of the Brown Swiss
cows (De Marchi ez al., 2007, 2008).

The proportion of NC samples differed between methodologies (Table 7),
especially between methodologies C (0.6%) and C* (50.0%) using the
OPT with different types and activities of rennet. In II it was proposed
that coagulant activity or type of coagulant (calf rennet vs. microbial
rennet) would explain this difference and calf rennet in lower activity is
therefore unsuitable for the OPT instrument. However, Cipolat-Gotet ez
al. (2012) observed a small proportion of NC (2.3%) also in the conditions
of calf rennet in lower activity. Considering this, it is possible to further
speculate that experimental conditions other than activity and type of
rennet (described above) are responsible for coagulation measurements
using the OPT device. Curd firmness is measured indirectly by the OPT
and, therefore, the OPT may need different calibration for high and low
rennet activity to attain the same sensitivity of the instrument.
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The probabilities of NC samples with methodology B, derived from
logistic regression, were highly predictable based on the RCT measured
with either C or A (II). Also, the probabilities of NC samples in A were
highly predictable based on the RCT measured in C. NC samples were
determined with a probability of 1.00, and coagulated samples with
probabilities of 0.89 to 0.98. Predicting the NC probability based only
on curd firmness resulted in less accurate predictions. Distinction of the
coagulated and NC samples of methodology C* based on the MCP of
the same samples measured with either A or B resulted in more than
95% of the correctly classified samples based on the RCT, and more than
82% based on the E, . Therefore, the probability of NC samples seems to
be well predictable irrespective of the instrument used, especially when

based on the RCT.

Although direct comparisons of measurements of MCP using different
analytical techniques could be somewhat complicated due to various
confounding factors influencing the coagulation process and its
recording, possibilities to transform measurements of milk coagulation
traits derived by different instruments and analytical techniques exist

(IT) and should be studied further.
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6. CONCLUSIONS

The following conclusions can be drawn from this study on some genetic

and modelling aspects of MCP.

Heritability estimates for first lactation MCP of Estonian
Holstein cows were higher than those for milk production and
composition traits. Of the variation of RCT, 28% was found
to be additive genetic in its nature and 41% of variation was
additive genetic for E, . No detrimental genetic associations with
milk production and composition traits were found. Considering
the relatively high repeatability estimates (0.45 and 0.50 for
RCT and E,, respectively), only few measurements are needed
for the reliable genetic estimation of MCP, and direct selection
for improvement of MCP would be possible. However, a lack of
high capacity equipment and analytical techniques for measuring
MCP makes routine recording of these traits on whole dairy cow
population unfeasible (I).

Genetic associations between MCP, milk yield and composition
traits were mainly negligible, except for a high favourable
correlation of RCT with pH, a moderately high positive genetic
association between E, and protein content, and a moderate
genetic association of E, with fat content and milk yield.
Therefore, selection for MCP is not expected to result in a strong
deterioration of milk production and composition. No eligible
milk composition trait for improvement of MCP by indirect
selective breeding was established (I).

Genetic correlation between milk coagulation traits was modest
(—0.16) as well as the corresponding phenotypic correlation
(—0.22 to —0.23). 'This differs from high genetic and phenotypic
associations between MCP observed in previous studies using
mechanical instruments for the measurement of MCP. However,
phenotypic and genotypic associations between RCT and milk
production and composition traits were in better accordance with
estimates in previous studies than those of an. Moreover, the
RCT showed a strong relationship between measurements from
different laboratories, even when different analytical techniques
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were used. On the contrary, the moderate correlations between an
measured with Lattodinamografo or Computerized Renneting
Meter and Optigraph are probably due to the different design
principles of the instruments, accompanied with different types
and concentrations of rennet used, resulting in the measurement
of different aspects of the coagulation process. This demonstrates
the possibility for good comparison of RCT between different
analytical techniques for measuring MCP, while comparability
of curd firmness would be modest (I, II).

Considering that curd firmness a,; in volts derived by the new
Optigraph device was measuring somewhat other aspects of
coagulation than curd firmness E, in millimetres derived by
other devices (e.g. previous Formagraph device, Computerized
Renneting Meter), the non-transformed values of curd firmness
would be preferable for use in statistical analyses and further
research is needed to study the effect of the Optigraph milk
coagulation measurements on cheese yield and quality (I, II).

The transformation method proposed provides the opportunity
to convert MCP data obtained by different analytical techniques
into comparable data sets across these MCP measurement
techniques. The precision of transformation for both MCP
is higher between analytical techniques using mechanical
instruments for measuring MCP, and for RCT between all
analytical techniques compared to the transformability of
E,, (I). Direct comparisons of measurements of MCP using
different analytical techniques could be somewhat complicated
due to various confounding factors influencing the coagulation
process and its recording. Considering that, establishing reliable
transformation for milk coagulation measurements in studies
using different analytical techniques, and their effect on genetic
parameter estimates, would be useful for further comparison
of MCP and their genetic parameters between studies. Thus, it
is proposed that it is needed to investigate the possibilities for
transformation of MCP measurements between different studies.
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* Effect of the composite B-x-CN genotype was statistically
significant for MCP and protein content, while no significant
effect of these genotypes for milk yield, fat percentage and SCS
were detected (III).

* The most common B-k-CN genotypes of Estonian Holstein
cows A2A2AA and A1A2AA, both with a prevalence greater
than 20%, were associated with poor MCP. These composite
genotypes had a moderately positive effect on milk yield, albeit
not statistically significant, which may indicate a result of
selection in favour of higher milk yield. Considering the high
frequency of unfavourable p-x-CN genotypes for MCP, the low
frequency of favourable x-CN B allele on MCP and the positive
association of the B-x-CN IB haplotype with a,  and protein
percentage, selection based on the p-x-CN genotype for these
traits could be a consideration. However, the association of rare
markers, including B-xk-CN IB haplotype, with MCP and milk
composition would need confirmation in further research (III).

* The composite B-k-CN genotypes influenced the additive
genetic variance of milk coagulation traits (reduction in
additive genetic variance by 12.9% and 51.1% for RCT and
a, respectively), whereas changes in the additive genetic
variance of milk composition traits were marginal. Therefore,
genetic improvement by means of selection for favourable
B-x-CN genotypes is expected to be higher for milk coagulation
properties, especially for a,  (III).

To sum up the above for a final conclusion, the genetic improvement
of milk coagulation properties of Estonian Holstein cows by selection
would be possible on limited number of animals (e.g. bulls and bull
dams). However, associations between milk coagulation properties
derived by the Optigraph device and cheese outcome and quality need
further investigation.
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SUMMARY IN ESTONIAN

PIIMA LAAPUMISOMADUSTE MODELLEERIMINE JA
GENEETILINE DETERMINEERITUS

Piima laapumisomadustest s6ltub juustu viljatulek ja kvaliteet, mistottu
on piima hea laapuvus vajalik eelkoige juustutdostusele. Nimelt on
juustu (sh kohupiima) tootmismaht Eestis piisinud téusvas trendis juba
tile kiimne aasta ning on selle aja jooksul enam kui kahekordistunud.

Piima laapumine on keeruline protsess ja standardset meetodit
laapumisomaduste midramiseks pole veel vilja td6tatud. Erinevate
midramismeetodite tottu el pruugi aga erinevate uuringute
moo6tmistulemused  olla iiks-tiheselt vérreldavad. Teadusuuringutes
on siiani levinuimaks mehaaniline mairamismeetod, kus piimaproovi
sukeldatav andur registreerib piima viskoelastsete omaduste muutust
ning voimaldab seeldbi piima laapumisomadusi otseselt mo6ta. Viimasel
ajal on kasutatud ka optilisi midramismeetodeid, mis registreerivad
laapumisniitajaid kaudselt ning laapumisprotsessi sekkumata, olles seega
eriti sobilikud protsessi jalgimiseks juustutoostuses.

Varasemad piima laapumisalased uuringud Eestis on peamiselt
keskendunud  laapumist méojutavate  keskkonnafaktorite  vilja-
selgitamisele. Geneetilisest aspektist lihtuvalt on uuritud piimavalkude
genotiilipide méju piima laapumisomadustele, kuid poéhjalikumad
uuringud piima laapumisomaduste parandamisvoimaluste kohta aretuse
teel puuduvad. Itaalias ja Soomes libi viidud uuringud on niidanud
piima laapumisomaduste mo66dukat geneetilist varieeruvust, mis on
soodne otseseks selektsiooniks laapumisniitajate alusel. Samas on piima
laapumisomaduste méiramine t66mahukas ja aeganéudev — erinevad
midramismeetodid voimaldavad 30 minuti jooksul moota korraga vaid
tihe kuni kiitmne piimaproovi laapumisomadusi. Seega on kasulik uurida
voimalusi ka kaudseks selektsiooniks laapumisomadustega tugevas
geneetilises seoses olevate rutiinselt médratavate piimaniitajate alusel.
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Eelpool toodust lihtuvalt olid doktoritoé hiipoteesid:

* cesti holsteini tougu lehmade piima laapumisomadustel esineb
tousisene geneetiline varieeruvus ning neid piima omadusi on
voimalik parandada aretuse teel;

* crinevate middramismeetoditega moodetud laapumisniitajad on
teisendatavad tihtsele skaalale.

Sellest tulenevalt olid uuringu eesmirgid jargmised:

* hinnata piima laapumisomaduste paritavust ja korduvust (I);

* hinnata geneetilised korrelatsioonid laapumisnditajate ning
piima toodangu, pH ja koostisniitajate (rasva- ja valgusisaldus,
somaatiliste rakkude arv, karbamiidi sisaldus) vahel (I);

* hinnata P-x-kaseiini genotiiibi méju piima toodangule,
laapumis- ja koostisnditajatele (III);

* hinnata (-x-kaseiini genotiiiibi poolt kirjeldatava varieeruvuse
osakaalu piima toodangu, laapumis- ja koostisnditajate
aditiivgeneetilises varieeruvuses (III);

* anda hinnangud valemitele, mille abil saab {ihe miiramis-
meetodi jirgi midratud laapumisnditajaid teisendada teise
meetodi skaalale (IT).

Geneetiliseks hindamiseks (I, III) midrati laapumisniitajad optilise
meetodiga (kasutades Optigraafi) ning kasutati korduvmootmistele
tuginevat tavalist ja juhuslike regressioonikordajatega loomamudelit,
arvestades vaatlusaluste lehmade kolme eellaste polvkonna polvnemis-
andmeid. Geneetilised parameetrid leiti 4191 eesti holsteini tougu
lehma esimese laktatsiooni piimaproovide alusel (kokku 17577
proovi) ning B-x-kaseiini genotiitibi méju hindamine baseerus
2859 genotiipiseeritud eesti holsteini tdougu lehma esimese kolme
laktatsiooni piimaproovidel (kokku 23970 proovi). Laapumisniitajate
teisendamisvoimaluste uurimiseks (II) teostati 165 itaalia holstein-friisi
tougu lehma piimaproovide laapumisniitajate moé6tmised erinevate
mehaaniliste meetoditega paralleelselt kahes Itaalia laboris ning optilise
midramismeetodiga Eesti laboris.

68



Uuringu peamised tulemused olid jargmised.

Piritavuse hinnangud olid eesti holsteini téugu lehmade
esimese laktatsiooni piima laapumisomadustel suuremad kui
piima toodangu, pH ja koostisniitajate vastava parameetri
hinnangud, olles kalgendi tugevusel 41% ja laapumisajal 28%.
Vottes arvesse laapumisomaduste suhteliselt korget korduvust
(laapumisajal 0,45 ja kalgendi tugevusel 0,50), saab jireldada,
et usaldusviirne geneetiline hinnang konkreetse lehma piima
laapumisomadustele on antav juba viikse arvu mootmiste
alusel. Seega on selektsioon piima laapumisomaduste alusel
voimalik. Kuigi kogu populatsiooni lehmade piima laapumis-
omaduste rutiinne mo6tmine on tohusate tehniliste vahendite
ja standardse miiramismeetodi puudumise tottu hetkel veel
keeruline, on sellele vaatamata voimalik geneetiliselt hinnata
piiratud arvu aretusloomade (vaid valik pulle ja/voi pulliemasid)
piima laapumisomadusi (I).

Geneetilised korrelatsioonid piima laapumisniitajate ning
rutiinselt midratavate piimaniitajate (piima toodang, pH, rasva-
ja valgusisaldus, somaatiliste rakkude arvu skoor ja karbamiidi
sisaldus) vahel olid ildjuhul norgad. Erandiks oli tugev
positiivne seos laapumisaja ja piima pH vahel ning m66duka
tugevusega positiivne geneetiline seos kalgendi tugevuse ja
piima valgusisalduse vahel. Kalgendi tugevusel esines ka nork
positiivne geneetiline seos piima rasvasisaldusega ning nérk
negatiivne geneetiline seos piima toodanguga. Sellest tulenevalt
voib jireldada, et selektsiooniga piima laapumisomaduste alusel
ei kaasne teiste nimetatud piimaniitajate mirgatav halvenemine.
Samas vilistab tugevate geneetiliste seoste puudumine piima
laapumisniitajate ja rutiinselt mairatavate piimaniitajate vahel
voimaluse piima laapumisomaduste parandamiseks kaudse
selektsiooni teel (I).

Vorreldes varasemate mehaanilisel meetodil ldbi viidud
uuringutega, oli antud wuuringus nii geneetiline kui ka
fenotiiiibiline korrelatsioon (vastavalt —0,16 ja —0,22 kuni
—0,23) optilisel meetodil médratud piima laapumisniitajate
vahel noérk. Laapumisaja geneetilised ja fenotiitibilised seosed
piima toodangu ja koostisniitajatega olid varasemates uuringutes
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leitud vastavate seostega paremas kooskélas kui kalgendi
tugevusel. Samuti esines laapumisaja puhul tugev seos erinevate
midramismeetodite mootmistulemuste vahel, samas kui kalgendi
tugevuse puhul oli mehaaniliste ja optiliste mé6tmistulemuste
vaheline seos moodukas. Seega voib jireldada, et kalgendi
tugevuse mootmistulemused soltuvad médramismeetodist enam
kui laapumisaja mo6tmistulemused, ning optiline ja mehaaniline
midramismeetod kirjeldavad kalgendi tugevuse erinevaid aspekte.
Sellest tulenevalt voib delda, et Optigraafiga midratud kalgendi
tugevuse modtmistulemuste teisendamisel mehaanilise meetodi
midramisskaalale, tuleb eelistada selle niitaja algseid optilisi
mo6tmistulemusi. Samuti vajab varasemate sarnaste uuringute
puudumisel Optigraafil mé6detud laapumisomaduste seos juustu
viljatuleku ja kvaliteediniitajatega tdiendavaid uuringuid (I, II).

T66 uurimistulemused niitavad, et erinevate miiramis-
meetodite abil saadud laapumisomaduste moéo6tmistulemused
on regressioonivorrandeid kasutades teisendatavad omavahel
vorreldavateks niitajateks. Molema laapumisniitaja (laapumisaeg
ja kalgendi tugevus) osas on teisendustdpsus suurem mehaanilist
meetodit kasutavate miiramismeetodite vahel (R? vastavalt
0,82 ja 0,63). Erinevat tiilipi (mehaaniline versus optiline)
midramismeetodite vaheline teisendustipsus oli laapumisaja
korral suurem (R* 0,7 kuni 0,81) kui kalgendi tugevusel (R* 0,28
kuni 0,43). Kuna laapumisniitajate otsene vordlemine erinevaid
midramismeetodeid kasutades on mitmete segavate ja raskesti
kontrollitavate eksperimentaalsete mojutegurite tottu kiillaltki
keeruline, lihtsustab sobivate teisendusmeetodite kasutamine
laapumisniitajate ning nende geneetiliste parameetrite vordlemist.
Sellest tulenevalt on pohjendatud edasised uuringud erinevate
midramismeetodite vaheliste laapumisniitajate teisendusmeetodite

viljatootamiseks (IT).

Statistiliselt oluline oli B-x-kaseiini genotiiiibi mé6ju laapumis-
nditajatele ning valgusisaldusele, samas kui statistiliselt olulist
moju sellel genotiitibil piima toodangule, rasvasisaldusele ja
somaatiliste rakkude arvu skoorile ei ilmnenud (III).
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* Eesti holsteini tougu lehmade kdige enam levinud p-x-kaseiini
genotiiiibid A2A2AA ja A1A2AA (molema genotiiiibi esinemis-
sagedus oli tile 20%) seostusid piima halva laapuvusega. Nende
genotiilipide suur esinemissagedus ja mirgatav positiivne (kuigi
statistiliselt mitteoluline) méju piimatoodangule viitab eesti
holsteini tou piimatoodangu tostmisele suunatud pikaajalise
aretustod tulemusele. Arvestades nimetatud suure sagedusega
genotiilipide negatiivset moéju  ning madala sagedusega
x-kaseiini B alleeli soodsat moéju laapumisniitajatele ja
B-x-kaseiini IB haplotiiiibi positiivset seost kalgendi tugevuse ja
piima valgusisaldusega, oleks voimalik piima laapumisomaduste
parandamine eesti holsteini populatsioonis loomi B-x-kaseiini
genotiiiibi alusel selekteerides. IB haplotiitibi ja teiste harva
esinevate [-x-kaseiini haplotiitipide ja genotiiiipide moju
laapumisniitajatele vajab tiiendavaid uuringuid (III).

*  Vottes statistilises mudelis arvesse [-x-kaseiini genotiiiibi
moju, vihenes laapumisaja aditiivgeneetiline varieeruvus 13%
ning kalgendi tugevuse aditiivgeneetiline varieeruvus 51%.
Samas oli vastav moju piima toodangu ja koostisnditajate
aditiivgeneetilisele varieeruvusele marginaalne. Seega avaldab
selektsioon  [-x-kaseiini genotiiiibi alusel moju eelkoige
laapumisniitajatele, eriti kalgendi tugevusele (III).

Kokkuvottes saab 6elda, et eesti holsteini tougu lehmade piima
laapumisomaduste geneetiline determineeritus voimaldab laapumis-
omaduste parandamist nii otsese selektsiooni teel kui ka geneetiliste
markerite alusel (kaseiini variandid). Selektsiooniks soodne oli ka
populatsiooni  geneetiline  struktuur, kuna laapumisomadustele
negatiivset moju avaldavad [-x-kaseiini genotiitibid olid suure
esinemissagedusega. Praktilisest seisukohast on kogu populatsiooni
laapumisomaduste mootmine ja rutiinne registreerimine t6husa
madramismeetodi puudumise tottu hetkel kill raskendatud, kuid
piiratud arvu aretusloomade (vaid valik pulle ja/voi pulliemasid)
geneetiline hindamine siiski voimalik. Tdiendavalt vajavad uurimist
Optigraafi abil méddetud laapumisomaduste seosed juustu viljatuleku
ning kvaliteediga.
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ABSTRACT

The objective of this study was to estimate herita-
bilities and repeatabilities for milk coagulation traits
[milk coagulation time (RCT) and curd firmness (Es)]
and genetic and phenotypic correlations between milk
yield and composition traits (milk fat percentage and
protein percentage, urea, somatic cell count, pH) in
first-lactation Estonian Holstein dairy cattle. A total
of 17,577 test-day records from 4,191 Estonian Holstein
cows in 73 herds across the country were collected dur-
ing routine milk recordings. Measurements of RCT and
E3 determined with the Optigraph (Ysebaert, Frepil-
lon, France) are based on an optical signal in the near-
infrared region. The cows had at least 3 measurements
taken during the period from April 2005 to January
2009. Data were analyzed using a repeatability animal
model. There was substantial variation in milk coagula-
tion traits with a coefficient of variation of 27% for Es,
and 9% for the log-transformed RCT. The percentage
of variation explained by herd was 3% for Ej, and 4%
for RCT, suggesting that milk coagulation traits are
not strongly affected by herd conditions (e.g., feeding).
Heritability was 0.28 for RCT and 0.41 for Es), and
repeatability estimates were 0.45 and 0.50, respectively.
Genetic correlation between both milk coagulation
traits was negligible, suggesting that RCT and Ej, have
genetically different foundations. Milk coagulation time
had a moderately high positive genetic (0.69) and phe-
notypic (0.61) correlation with milk pH indicating that
a high pH is related to a less favorable RCT. Curd
firmness had a moderate positive genetic (0.48) and
phenotypic (0.45) correlation with the protein percent-
age. Therefore, a high protein percentage is associated
with favorable curd firmness. All reported genetic pa-
rameters were statistically significantly different from
zero. Additional univariate random regression analysis
for milk coagulation traits yielded slightly higher av-
erage heritabilities of 0.38 and 0.47 for RCT and Ej,
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compared with the heritabilities of the repeatability
model.

Key words: milk coagulation, heritability, genetic
correlation, Estonian Holstein dairy cattle

INTRODUCTION

Recent trends indicate that an increasing percent-
age of milk produced in European countries is used
for manufacturing cheese (Eurostat, 2009). At present,
in Italy more than 75% (De Marchi et al., 2008), in
Scandinavian countries 33% (Wedholm et al., 2006),
and in Estonia 60% (Statistics Estonia, 2009) of milk
is being used for cheese production. Milk coagulation
properties are important to the quality and yield of
cheese (Leitner et al., 2006; Wedholm et al., 2006; De
Marchi et al., 2009); therefore, these properties become
more important if an increasing percentage of milk is
used for cheese manufacturing. Milk coagulation prop-
erties are commonly defined by milk coagulation time
and curd firmness. A short milk coagulation time and a
firmer curd are favorable for cheese production. Shorter
milk coagulation time may be beneficial to cheesemak-
ing because it leaves more time for curd firming during
the coagulation process. A firmer curd during clotting
is positively correlated with cheese yield (Aleandri et
al., 1989; Martin et al., 1997). Ikonen et al. (1999a) ob-
served greater cheesemaking efficiency from milk with
good coagulation properties.

Milk coagulation is a complex process and is not
understood in detail, but studies have indicated that
it is affected by numerous factors including casein
composition (Okigbo et al., 1985a), SCC (Politis and
Ng-Kwai-Hang, 1988), concentrations of total casein
and calcium (Storry et al., 1983; Summer et al., 2002),
pH (Najera et al., 2003), genetic polymorphism of milk
proteins (Van den Berg et al., 1992; Mayer et al., 1997;
Tkonen et al., 1999b), stage of lactation (Okigbo et al.,
1985b; Ostersen et al., 1997), season (O’Brien et al.,
1999), and breed (Auldist et al., 2002, 2004; De Marchi
et al., 2008). Although it has been suggested that ge-
netic factors affect milk coagulation, few studies have
quantified the extent to which genetic factors play a
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role. Reported heritability estimates for milk coagula-
tion traits range from 0.15 to 0.40 (Ikonen et al., 1999c,
2004; Tyriseva et al., 2004; Cassandro et al., 2008).
Furthermore, only a few studies have reported genetic
relationships between milk coagulation traits and milk
production and composition traits (Ikonen et al., 1999¢c,
2004; Cassandro et al., 2008). Knowledge of the ge-
netic parameters of milk coagulation traits and their
associations with milk production is important when
considering ways to improve milk coagulation by means
of genetic selection. Before including milk coagulation
traits in the breeding goal, the economic value of these
traits needs to be determined. There is a large amount
of information about the application of biotechnology
to cheese manufacturing but very little about the feasi-
bility of enhancing cheese production efficiency by the
genetic improvement of milk coagulation.

The aim of this study was to estimate the heritability
and repeatability for milk coagulation traits and their
genetic correlation with milk yield and composition,
SCS, urea, and pH levels.

MATERIALS AND METHODS
Data Collection

First-lactation milk samples were collected during
routine milk recording as part of a development proj-
ect for the Bio-Competence Centre of Healthy Dairy
Products in Estonia during the period from April 2005
to January 2009. The herds were milked 2 or 3 times
a day. The individual milk samples collected from the
cows were a mixture of all test-day milkings or only the
morning, afternoon, or evening milkings on the test-
day. Milk samples were immediately preserved with
Bronopol (Knoll Pharmaceuticals, Nottingham, UK)
and stored at 4°C during the transportation and ana-
lyzing periods. Milk samples with a pH <6.5, indicative
of colostrum (Bhandari and Singh, 2002), and nonco-
agulated milk samples (n = 52) were excluded from
the analysis. Additionally, farms with fewer than 10
cows and cows with fewer than 3 test-day records were
removed. The final data set used for analyses consisted
of 17,577 test-day records from 4,191 Estonian Holstein
cows located in 73 herds across the country and that
were daughters of 274 sires. The number of daughters
per sire ranged from 1 to 267. Each cow has 3 to 6
measurements collected during the different stages (7
to 305 DIM) of the first lactation.

Information about the cows, herds, and pedigrees was
obtained from the Estonian Animal Recording Centre
(EARC) and the Animal Breeders’ Association of Es-
tonia, and entered into the database COAGEN of the
Bio-Competence Centre of Healthy Dairy Products.
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Laboratory Analysis

The test-day milk yield was recorded and individual
milk samples were analyzed for fat percentage, protein
percentage, and urea using the MilkoScan 4000 and
MilkoScan FT6000, and for SCC using the Fossomatic
400 and Fossomatic 5000 cell counter (all equipment
from Foss, Hillerod, Denmark) at the Milk Analysis
Laboratory of EARC, using methods suggested by the
International Committee for Animal Recording (2009).
Values of SCC were log-transformed to SCS: SCS =
log,(SCC/100,000) + 3.

The pH and milk coagulation properties were deter-
mined at the Laboratory of Milk Quality of the Esto-
nian University of Life Sciences (Tartu, Estonia) gener-
ally 3 d after sampling. The proportion of milk samples
with a maximum age of 7 d was very small (<1%).
The pH level of the milk was determined using a pH
meter (Seven Multi, Mettler Toledo GmbH, Greifensee,
Switzerland) at a temperature of 20°C before analyz-
ing the milk coagulation properties. The latter were
milk coagulation time (RCT, min) and curd firmness
(E3p, mm). Before assessment of the milk coagulation
properties, milk samples were heated to the renneting
temperature (35°C). The rennet (Milase MRS 750 in-
ternational milk clotting units/mL; CSK Food Enrich-
ment B.V., Ede, the Netherlands) used in the analyses
was diluted 1:100 (vol/vol) with distilled water, and
0.2 mL of the solution was added to 10 mL of milk.
The milk coagulation properties were determined using
the Optigraph (Ysebaert, Frepillon, France), which was
developed by Ysebaert Dairy Division in partnership
with Institut National de la Recherche Agronomique,
Laboratoire de Génie et Microbiologie des Procédés
Alimentaires (Thiverval-Grignon, France), to define
coagulation characteristics in the laboratory, especially
to answer the needs of cheese makers (Ysebaert Dairy
Division, 2009).

Measurements made with the Optigraph are not
based on a rheological measures but on an optical
signal in the near-infrared region. During a coagula-
tion test, the light emitted through the milk gradually
weakens because of changes in the micellar structure of
casein. The Optigraph then calculates the coagulation
parameters (coagulation time, curd firmness, and speed
of aggregation) by means of particular feature points
extracted from the optical information acquired in real
time. Optigraph system parameters were set as follows:
R slope = 1.784 and R offset = —2.303. Milk coagula-
tion time was recorded directly based on the maximum
first derivative of the signal. To determine the firmness
of the curd, the Optigraph signal 30 min after the addi-
tion of the rennet was converted into millimeters using
a calibration equation (Kiibarsepp et al., 2005).
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Table 1. Number of observations (n), means, and coefficients
of variation (CV) for test-day milk coagulation, production, and
composition traits

Trait n Mean  CV (%)
Curd firmness (Ez) (mm) 17,577 27.0 27
Milk coagulation time (RCT)' (min) 17,577 2.3 9
Milk yield (kg) 17,575 25.9 28
Fat (%) 17,536 4.05 17
Protein (%) 17,567 3.38 9
scs? 17567 2.9 65
Urea (mg/L) 17,223 26.8 31
pH 17,577 6.6 1

"Log-transformed.
SCS = [logy(SCC/100,000) + 3].

Statistical Analysis

Statistical analysis was carried out in ASReml
(Gilmour et al., 2002) using the following repeatability
animal model:

= u+ 3, DIM, + 3,DIM} + Bage + ys,
+ cys, + herd, + animal  + pe, +e

ijklmn

ijkimn’

where Yy, = dependent variable (log-transformed
RCT, Ej, milk yield, milk protein and fat percentages,
SCS, urea, pH); u = overall mean; DIM; = ith day in
milk, modeled with quadratic polynomial; age = linear
regression on age at calving; ;, 3,, and (3 = regression
coefficients; ys; = fixed effect of sampling year-season (j
=1,..., 16 with 3-mo classes from April 2005 to Janu-
ary 2009); cys, = fixed effect of calving year-season (k
= 1,..., 15 with 3-mo classes from December 2004 to
August 2008); herd; = random effect of herd (I = 1,...,
73), herd, ~ N(0, Iai); I = identity matrix; animal, =
random effect of animal (m = 1,..., 17,185),
animal, ~ N(0, Aoz); A = additive genetic relationship
matrix; pe, = random permanent environmental term
(n=1,...,4,191), pe, ~ N(O,IU:B); and ey, = resid-
ual random error term, e, ~~ N(0, I(T?). For normality
assumption, log-transformation of RCT was used.

Three generations of ancestors were included in the
analysis and 17,185 animals were included in the rela-
tionship matrix. Heritabilities were estimated with uni-
variate models, and genetic correlations were derived
from bivariate models.

Heritability (h*) was calculated as

2
= ‘77“7
a: + ‘725 + O'?

repeatability (r) was calculated as
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and the proportion of variation due to herds (hrd) was

calculated as

%

hrd = 2 2 : 2 2’
[ + o, + Upv + o,

where aj = additive genetic variation; ‘7;5 = permanent
environmental variation; Uj = residual variation; and U}f
= herd variation.

RESULTS AND DISCUSSION

Descriptive Statistics

Table 1 shows descriptive statistics of the milk co-
agulation traits, and milk production and composition
traits. There was substantial variation in milk coagula-
tion traits as indicated by the coefficient of variation
(CV) of 27% for Esy and 9% for the log-transformed
RCT. Milk yield had a CV similar to that of Ey, (28%),
whereas the CV was higher for urea (31%). There was
little variation in pH (CV = 1%).

Systematic Environmental Effects

Table 2 shows the fraction of total phenotypic vari-
ance due to herd, reflecting the relative importance of
differences between herds, probably mainly because of
differences in feeding. Milk coagulation properties were
not strongly influenced by differences between herds:
the proportion of variation due to the herd was 0.04 for
RCT and 0.03 for Ez,. The proportion of the variance
explained by herd was also low for milk composition
traits. For milk yield, a substantial percentage of the
variation was due to the herd (25%). Tyrisevd et al.
(2004) reported slightly higher proportions of variation
explained by herd for RCT (6%) and Ejy (9%). Ikonen
et al. (2004) reported similar results as in the present
study with a small fraction of the variation explained
by herd (5%) for RCT and Es. Herd effects for milk
yield, fat percentage, and protein percentage in studies
by Tyriseva et al. (2004) and Ikonen et al. (2004) were
higher (ranging from 15 to 48%) than our estimates.
Milk coagulation properties therefore seem to be af-
fected to a smaller extent by the herd environment than
are milk composition traits. This suggests that it is
difficult to improve milk coagulation properties by herd
management factors such as nutrition.
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The effect of DIM on milk coagulation properties is
shown in Figure 1. Rennet coagulation time increased
toward the end of lactation and stabilized after d 180 to
less favorable values. Curd firmness showed a different
pattern with less favorable values during the first part
of lactation and more favorable (higher) values toward
the end of the lactation.

Variation in the time between milk sampling and
analysis may also have an effect on milk coagulation
properties. Tkonen et al. (2004) reported a significant
effect of the time between milk sampling and analysis
on curd firmness. We were not able to adjust for this
effect, because this information was not available for
all samples. Based on the design of the current study,
we may state that the time between milk sampling and
analysis could have varied from 1 to 7 d. This varia-
tion was, however, much smaller than in the study by
Tkonen et al. (2004) (0 — 27 d) and therefore is expected
to have less effect on milk coagulation properties.

Heritabilities and Repeatabilities

Heritabilities and repeatabilities of all traits studied
were statistically significantly different from zero (P <
0.05). Heritabilities of milk coagulation properties were
0.41 for curd firmness and 0.28 for milk coagulation
time (Table 2). The heritability estimate for RCT was
similar to that reported by Ikonen et al. (2004) but
somewhat higher than other estimates (0.21 to 0.25) re-
ported for Finnish and Italian dairy cattle populations
(Ikonen et al., 1999c; Tyriseva et al., 2004; Cassandro
et al., 2008). Heritability of Ey, was consistent with the
estimate (0.4) reported by Ikonen et al. (1999c) but
higher than other estimates (0.15 to 0.22) available in
literature (Ikonen et al., 2004; Tyriseva et al., 2004;
Cassandro et al., 2008). These differences may be due
to genetically different cattle populations. The differ-

Table 2. The estimates of heritability (h?), repeatability (r), proportion of variance due to herd (hrd),

2
total phenotypic variance (“r)" for the traits studied
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E3o (mm)
Log (RCT)

120 150 T80
DIM

310 240 370 300

7 30 60 90

Figure 1. Lactation curve of log-transformed milk coagulation
time [log (RCT)] and curd firmness (Ej) during the lactation period
7 to 305 DIM.

ence in methods might also have influenced variation
in milk coagulation traits. Coefficients of variation for
milk coagulation traits in the studies (Ikonen et al.,
1999¢) using the Formagraph (Foss) or in the studies
(Ikonen et al., 2004; Tyriseva et al., 2004; Cassandro et
al., 2008) using Computerized Renneting Meter (Polo
Trade, Monselice, Italy) are larger than in our study
(ranging from 27 to 50%). In our study, heritabilities for
milk coagulation traits were higher than those for milk
yield and composition traits. The highest heritability
for a milk composition trait was for protein percentage
(0.28); that for milk yield was 0.15. Heritability was low
for SCS (0.05) and urea (0.07).

Repeatabilities for RCT (0.45) and Ej, (0.50) were
high and of the same order of magnitude as repeatabili-
ties for milk yield (0.47) and protein percentage (0.46).
Urea had a low repeatability of 0.19. The repeatability
for SCS was moderately high (0.37).

Repeatabilities for RCT and Es, reported in Finnish
studies by Tkonen et al. (1997) and Tyrisevé et al. (2003)
are somewhat higher (from 0.57 to 0.68) than ours,

and

2

Trait h? (SE) r (SE) hrd (SE) p
Curd firmness (Ej)) (mm) 0.41 (0.04) 0.50 (0.01) 0.03 (0.01) 49.27
Milk coagulation time (RCT)? (min) 0.28 (0.04) 0.45 (0.01) 0.04 (0.01) 3.15
Milk yield (kg) 0.15 (0.03) 0.47 (0.01) 0.25 (0.03) 38.00

Fat (%) 0.19 (0.03) 0.32 (0.01) 0.06 (0.01) 0.47
Pmtem (%) 0.28 (0.04) 0.46 (0.01) 0.06 (0.01) 0.06
scs? 0.05 (0.02) 0.37 (0.01) 0.03 (0.01) 3.50
Urea (mg/L) 0.07 (0.02) 0.19 (0.01) 0.11 (0.02) 64.73

pH 0.24 (0.03) 0.36 (0.01) 0.06 (0.01) 0.31

1o ; = ‘7 + ‘7,” + ‘7 - 0, = additive genetic variance, 0, = permanent environmental variance, and o, = re-

sidual variance.
?Log-transformed.
’SCS = [3 + log,(SCC/100,000)].
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Table 3. Phenotypic (above the diagonal) and genetic correlations (below the diagonal; SE in parentheses) between milk coagulation properties,

production, and composition traits'

E; Milk yield Fat Protein Urea

Ttem (mm) RCT (kg) (%) (%) SCS (mg/L) pH
Curd firmness (Ez) (mm) —0.22 —0.06 0.11 0.45 0.01 0.02 —0.15
Milk coagulation time (RCT)? (min) —0.16 (0.09) —0.01 —0.04 0.15 0.10 0.03 0.61
Milk yield (kg) —0.29 (0.11) —0.07 (0.12) —0.33 —0.18 —0.12 0.09 —0.08
Fat (%) 0.25 (0.09) —0.10 (0.10) —0.65 (0.09) 0.25 0.12 —0.03 —0.05
Protein (%) 048 (0.07)  0.19 (0.10) —0.51 (0.09)  0.49 (0.08) 0.16 —0.11 ~0.02
Scs? —0.04 (0.15) —0.06 (0.15)  0.12 (0.18) —0.05 (0.16) —0.02 (0.15) —0.17 0.12
Urea (mg/L) 0.19 (0.12) —0.00 (0.12) 013 (0.15) —0.21 (0.13) —0.12 (0.13)  0.12 (0.19) 0.00
pH —0.06 (0.09)  0.69 (0.05)  0.07 (0.12) —0.26 (0.10) —0.12 (0.10) —0.22 (0.14)  0.07 (0.12)

ISE of phenotypic correlations were 0.01 to 0.02.
Log-transformed.
33CS = [logy(SCC/100,000) + 3].

which may also reflect the different measuring aspects
of coagulation in these studies. The high repeatability
estimates for RCT and Eg, in our study, however, show
that only a few measurements are needed for reliable
genetic estimation of milk coagulation properties.

Genetic and Phenotypic Correlations

Genetic correlation between the 2 milk coagulation
properties (Table 3) was negligible, suggesting that
milk coagulation time and curd firmness measured by
the Optigraph are mainly influenced by different genes.
Other correlations reported here were significantly dif-
ferent from zero (P < 0.05). Phenotypic correlation
between the 2 milk coagulation properties was slightly
higher (—0.22). Both estimates were lower than those
reported in previous studies (Ikonen et al., 1999¢, 2004;
Tyriseva et al., 2004; Cassandro et al., 2008), ranging
from —0.89 to —0.96. This result may indicate that the
Optigraph device used in our study measures somewhat
different aspects of milk coagulation compared with
the devices used in previous studies (Formagraph and
Computerized Renneting Meter), whose measurements
of coagulation traits are based on direct measurement of
viscosity. In our research, the Optigraph uses an optical
signal, which is transformed to values for Ez, (mm) by
using a calibration equation (Kiibarsepp et al., 2005).

Genetic correlations between milk coagulation and
milk yield and composition traits were mainly low.
Curd firmness had the highest genetic correlation with
milk protein percentage (0.48), suggesting that a high
protein percentage results in a favorable Ej,. Cassandro
et al. (2008) reported a correlation of 0.44 between Es,
and protein percentage, which is in agreement with our
results. The genetic correlations of —0.24 and —0.07
reported by Ikonen et al. (1999c, 2004) on the same
traits, however, are different. These inconsistencies in-
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dicate that many factors may influence the relationship
between Ej, and protein percentage, such as sample
size, breed, model and devices, and variation in time
between milk sampling and analysis.

Milk coagulation time had the strongest genetic cor-
relation with pH (0.69). A high pH level is therefore
associated with a less favorable RCT. This result is
consistent with previous studies (Ikonen et al., 1999c,
2004; Cassandro et al., 2008), which also reported a
moderate to high genetic correlation between RCT and
pH (0.40 to 0.81). A moderate to high genetic correla-
tion (—0.30 to —0.85) between Es, and pH observed in
previous studies (Ikonen et al., 1999¢, 2004; Cassandro
et al., 2008), however, was not found in our study; we
estimated a zero genetic correlation between Ej, and
pH.

Curd firmness showed a weak positive genetic cor-
relation with milk fat percentage (0.25) and a weak
negative genetic correlation with milk yield (—0.29).
Therefore, selection for improved curd firmness may be
associated with a somewhat higher fat percentage and
slightly reduced milk production. Genetic correlations
for Egy with milk yield and fat percentage were negli-
gible in previous studies (Ikonen et al., 1999c, 2004;
Cassandro et al., 2008).

Phenotypic correlations between milk coagulation
properties and milk composition traits were similar
or somewhat lower than the corresponding genetic
correlations, except for slightly stronger phenotypic
correlations between coagulation properties (—0.22)
and for Eyy with pH (—0.15). Previous studies (Ikonen
et al., 1999¢, 2004; Cassandro et al., 2008) reported
weak phenotypic correlations between milk coagulation
traits and milk yield and composition traits, except for
a moderately strong correlation between milk coagula-
tion traits and pH and a moderate correlation for Es,
with protein percentage. We found a somewhat higher
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positive phenotypic correlation for protein percentage
with both milk coagulation properties and a lower phe-
notypic correlation between Ej, and pH level.

The association of Ez, with protein percentage can
be explained by the key role of caseins in the milk co-
agulation process. Aggregation of casein micelles, the
second phase of rennet coagulation process, starts only
after about 87% of k-casein is enzymatically degraded
(Lucey, 2002). Van Hooydonk et al. (1986) reported
that the optimum pH for hydrolysis of k-casein is in the
range from 5.1 to 5.3. This could explain the positive
phenotypic correlation between RCT and pH levels,
suggesting that a lower pH shortens RCT.

To our knowledge, no genetic and phenotypic cor-
relations between milk coagulation traits and urea have
been published. All genetic and phenotypic correla-
tions of urea with other milk composition traits and
milk yield were low and nonsignificant in our study.
Our results were of the same magnitude as the values
reported by Stoop et al. (2007), except for the high ge-
netic correlation between urea and SCS (0.85) reported
by Stoop et al. (2007).

The average SCS in our study was slightly lower than
the values derived from the monthly reported average
SCC (Estonian Animal Recording Centre, 2008) for
cows in milk recording during 2008 (92% of all cows
in Estonia). For this reason, probably, we did not find
any nonzero genetic correlations between SCS and milk
coagulation traits. Ikonen et al. (2004) and Cassandro
et al. (2008), however, reported that lower SCS are
associated with improved milk coagulation properties.
Some authors report that SCC has an unfavorable ef-
fect on milk coagulation properties at the phenotypic
level (Politis and Ng-Kwai-Hang, 1988; O’Brien et al.,
2001); Somers et al. (2002), however, did not find a sig-
nificant effect of SCC on milk coagulation properties.
To investigate a possible nonlinear relationship for SCS
with RCT and Es, we performed additional analyses in
which SCS was included as a linear and as a quadratic
covariate in the model. The results showed a small un-
favorable effect of higher SCS (P < 0.05) on RCT and
Es. Adjusting for SCS differences in the model did not
affect the estimated heritabilities.

In general, genetic and phenotypic correlations among
milk yield and composition traits were in accordance
with previous studies (Ikonen et al., 1999¢, 2004; Cas-
sandro et al., 2008).

Genetic Parameters with a Random
Regression Analysis

In this article we used a repeatability model, which
showed a good fit to the data (standard deviation of re-
siduals was 1.17 for log-transformed RCT and 4.40 for
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Ej)) and residual independence of DIM (residual and
squared residual correlations across DIM were <0.05 for
both milk coagulation traits). Because residuals were
independent of lactation stage, variation due to DIM
was sufficiently described by a repeatability model. For
milk coagulation traits, however, additional univariate
random regression models with second-order Legendre
polynomials for the additive genetic and permanent
environmental effects (except for first-order Legendre
polynomial for permanent environmental effect of
RCT) were applied to compare heritability and repeat-
ability estimates and residuals with results from repeat-
ability model analysis. Residual standard deviations of
the random regression model were somewhat smaller
than residuals from the repeatability model (standard
deviation of residuals from repeatability and random
regression model were 1.17 and 1.06, respectively, for
RCT and 4.40 and 3.40, respectively, for Eyj). Based on
monthly averages of residuals, differences between both
models were small; however, the random regression
model showed a somewhat better fit in the last 2 (mo
9 and 10) lactation months for curd firmness. Average
heritability across lactation was 0.38 for RCT and 0.47
for Ejy. Heritability of RCT increased toward the end
of lactation and had a maximum of 0.44 in lactation
mo 6 and 7. The heritability for Es, showed an increase
during lactation and a maximum of 0.51 in mo 8 to 10
of lactation. Average repeatability estimates were 0.53
for RCT and 0.58 for Es,.

CONCLUSIONS

In our study of 17,577 test-day records from 4,191
first-lactation Estonian Holstein cows, we found RCT
and Ej; to be highly heritable. Genetic correlations of
the milk coagulation traits with milk production and
composition traits were weak; therefore, selection for
milk coagulation properties is not expected to result
in a strong deterioration of milk production and com-
position. Genetic and phenotypic correlations between
milk coagulation time and curd firmness were different
from those reported in previous studies, indicating that
coagulation aspects measured by the new Optigraph
device and other devices used may be different. There-
fore, further research is needed to study the effect of the
Optigraph milk coagulation measurements on cheese
yield and quality.
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ABSTRACT

Milk coagulation properties (MCP) analysis is per-
formed using a wide range of methodologies in different
countries and laboratories, using different instruments,
coagulant activity in the milk, and type of coagulant.
This makes it difficult to compare results and data
from different research. The aims of this study were to
propose a method for the transformation of values of
rennet coagulation time (RCT) and curd firmness (as)
and to predict the noncoagulation (NC) probability of
milk samples analyzed using different methodologies.
Individual milk samples were collected during the
morning milking in October 2010 from each of 165
Holstein-Friesian dairy cows in 2 freestall barns in Italy,
and sent to 3 laboratories for MCP analysis. For each
laboratory, MCP analysis was performed using a dif-
ferent methodology: A, with a computerized renneting
meter instrument using 0.051 international milk clot-
ting units (IMCU)/mL of coagulant activity; B, with
a Lattodinamografo (Foss-Italia, Padova, Italy) using
0.051 IMCU/mL of coagulant activity; and C, with an
Optigraph (Ysebaert, Frépillon, France) using 0.120
IMCU/mL of coagulant activity. The relationships
between MCP traits were analyzed with correlation
and regression analyses for each pair of methodologies.
For each MCP trait, 2 regression models were applied:
model 1 was a single regression model, where the de-
pendent and independent variables were the same MCP
trait determined by 2 different methodologies; in model
2, both agy and RCT were included as independent vari-
ables. The NC probabilities for laboratories with the
highest number of NC samples were predicted based on
the RCT and ay, values measured in the laboratories
with lower number of NC samples using logistic regres-
sion and receiver operating characteristic analysis. The
percentages of NC samples were 4.2, 11.5, and 0.6% for
A, B, and C, respectively. The transformation of MCP
traits was more precise with model 1 for RCT (R™
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0.77-0.82) than for agy (R% 0.28-0.63). The application
of model 2 was needed when the C measurements were
transformed into the other scales. The analyses of NC
probabilities of milk samples showed that NC samples
from one methodology were well distinguishable (with
an accuracy of 0.972-0.996) based on the rennet coagu-
lation time measured with the other methodology. A
standard definition for MCP traits analysis is needed
to enable reliable comparisons between MCP traits re-
corded in different laboratories and in different animal
populations and breeds.

Key words: dairy cattle, milk coagulation property,
different method, conversion method

INTRODUCTION

Milk coagulation properties (MCP) are considered
to have an important role in cheese production, mainly
because of their relationships with cheese yield (Ale-
andri et al., 1989; Martin et al., 1997; Wedholm et al.,
2006) and cheese quality (Ng-Kwai-Hang et al., 1989;
Johnson et al., 2001). Milk coagulation properties have
been widely studied in recent years and have been pro-
posed as technological traits for increasing dairy indus-
try efficiency (Ikonen et al., 2004; Joudu, 2008a). The
MCP have been found to have an exploitable additive
genetic variation in dairy cattle population, and an esti-
mated heritability range from 15 to 41% (Ikonen et al.,
2004; Cassandro et al., 2008; Vallas et al., 2010). These
studies showed that it is possible to improve MCP ge-
netically. Proposals to include these traits in payment
systems of milk used for cheese production also exist
(De Marchi et al., 2008; Pretto and Cassandro, 2010).
Commonly, the main MCP traits studied are milk ren-
net coagulation time (RCT, min), which is the time
from the addition of coagulant to milk until the begin-
ning of coagulation, and curd firmness at 30 min after
coagulant addition (agy, mm). These traits are recorded
using alternative systems based on optical, thermal,
mechanical, and vibrational methods, which have been
comprehensively reviewed by O’Callaghan et al. (2002)
and Lucey (2002). Different instruments are available
commercially and are currently widely used in research
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institutes to record MCP traits for genetic studies. The
computerized renneting meter (CRM; Polo Trade,
Monselice, Italy) was used, for example, in the work
of Tkonen et al. (2004) and Cassandro et al. (2008);
the Optigraph (OPT; Ysebaert, Frépillon, France) was
used in the work of Vallas et al. (2010) and the Latto-
dinamografo (LAT; Foss-Italia, Padova, Italy), which
replaced worldwide the now unavailable Formagraph
(Foss Electric, Hillergd, Denmark) used, for example,
by Ikonen et al. (1999), Joudu (2008a), and Joudu et al.
(2008b). These instruments measured the same traits
but with different principles. The principle of the CRM
and the LAT is classified as a mechanical system or
rheological method (O’Callaghan et al., 2002) and it
is based on the recording of oscillation, which is driven
by an electromagnetic field created by the swinging of
a small, stainless steel, loop pendulum immersed in the
samples of coagulating milk. A survey system measures
differences in the electromagnetic field caused by milk
coagulation: the greater the extent of coagulation, the
smaller the swings of the pendulum. This analysis pro-
duces a diagram, as reported by Dal Zotto et al. (2008).
On the other hand, measurements made with the OPT
are not based on a rheological method but on an op-
tical signal in the near-infrared wavelength. During a
coagulation test, the light emitted through the milk
gradually weakens, because of changes in the micellar
structure of CN. The OPT calculates the coagulation
parameters (coagulation time, curd firmness, and speed
of aggregation) by means of particular feature points
extracted from the optical information acquired in
real time (Optigraph User’s Manual). Because of the
different scales used by the OPT, the value of curd
firmness from the optical signal (volts) is transformed
into values for as, (mm) using a calibration equation
(Kiibarsepp et al., 2005a) to give comparable data with
the same units. All of these instruments use 10 mL of
milk for each sample. In addition to the measurement
principle, the MCP analysis can be different because of
the final coagulant activity in the milk used to induce
the coagulation of samples. The coagulant activity is
expressed as international milk clotting units (IMCU)
per milliliter of milk. Because rennet is the key enzyme
for the enzyme-induced coagulation process of milk,
its activity in the milk can affect MCP, as found in
several studies that showed that RCT is linearly re-
lated with the inverse of the coagulant activity (Brown
and Collinge, 1986; Karlsson et al., 2007). Coagulant
activity in the milk for MCP analysis has a wide vari-
ability reported in the literature. It is in the range of
0.050 to 0.060 IMCU/mL of milk in Italian research
(Zannoni and Annibaldi, 1981; Cassandro et al., 2008;
Cecchinato et al., 2009), in the range of 0.110 to 0.150
IMCU/mL of milk in Estonian and Finnish studies
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(Ikonen et al., 2004; Kiibarsepp et al., 2005b; Vallas et
al., 2010), and in the range of 0.330 to 0.580 IMCU/mL
in Swedish studies (Hallén et al., 2007; Hallén et al.,
2010). In addition, the Swedish works differ from the
previous examples in using defatted milk, and during
the analysis, the samples were kept at 30°C instead
of at 35°C. Furthermore, different types of coagulant
were used: calf rennet (Zannoni and Annibaldi, 1981;
Cassandro et al., 2008; Cecchinato et al., 2009) or mi-
crobial coagulant (Kiibarsepp et al., 2005a,b; Vallas et
al., 2010). Each country has used a different coagulant
activity in the milk, according to their methodology,
for MCP analysis. This could be related to the differ-
ences in the manufacturing processes and cheese types
of national dairy industries. For instance, in the manu-
facturing process of some of the main Italian Protected
Designation of Origin cheeses, such as Grana Padano,
Asiago, and Piave, milk coagulant activity in the range
0.035 to 0.045 IMCU/mL is usually used, whereas in
the manufacturing processes of some of the main North
FEuropean cheeses, such as Edam and Gouda, it is on
the order of 0.080 IMCU/mL (Cheese Dairy Plant
Managers: M. Dalla Riva, M. Centeleghe, G. Zambon,
L. Maroso, and G. Toniolo for Italian cheeses, and U.
Saks and T. Tupasela for North European Gouda and
Edam cheeses, personal communication, 2010).

Differences in analyses methodology probably exist,
as no standard methods for MCP analyses exist, in
contrast to existing standard methods established, for
instance, for the determination of total milk-clotting
activity of bovine rennets (ISO/IDF, 2007). This situ-
ation makes it difficult to compare results from differ-
ent research that uses different methodologies for the
analysis of MCP traits in individual animal samples
and bulk milk samples. This could be a technical prob-
lem for both the future international genetic evaluation
for MCP traits and the application of milk payment
systems.

Recently, mid-infrared spectroscopy (MIRS) tech-
nology has been proposed as a cheaper method to
predict MCP routinely, and for large-scale recording
(De Marchi et al., 2009). However, MIRS technology
is based on the determination of a calibration equation
predicted from spectral data and a reference method
and, therefore, the existence of different methodologies
for MCP analysis without a method for converting the
data could cause further complication.

Some studies have found that comparison between
different methodologies for MCP analysis is possible
due to strong correlations between MCP measured with
these methodologies (Laporte et al., 1998; Kiibarsepp
et al., 2005a; Klandar et al., 2007). Nevertheless, a
critical feature of MCP data are the presence of non-
coagulated (NC) milk records; that is, when milk does
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Table 1. Parity, DIM, milk yield, and milk composition of sampled cows (n = 165)

Trait Mean CV (%) Minimum Maximum
Parity 2.5 57.7 1 7
DIM 181 85.8 5 703
Milk yield (kg/d) 322 27.8 7.9 56.4
Fat in milk (%) 3.93 20.0 2.04 6.91
Protein in milk (%) 3.50 14.4 2.46 5.34
SCC (10° cells/mL) 200.9 179.6 8 2,945
scs! (U) 2.80 63.5 —0.64 7.88
pH 6.68 1.0 6.45 6.88

SCS = [3 + log, (SCC/107)].

not coagulate at all within a standard 30-min testing
time (Tyriseva et al., 2004). Usually, these samples are
discarded from statistical analysis and, to our knowl-
edge, no research has been done to compare the prob-
ability of NC milk samples from MCP analyses using
different methods.

The objectives of this study were to propose (1) a
method for the transformation of the values of MCP
traits and (2) a method to predict noncoagulation
probability of milk samples, analyzed using different
methodologies.

MATERIALS AND METHODS
Milk Sample Collection

Individual milk samples (4 subsamples per cow) were
collected during the morning milking of a test day in
October 2010 from 165 Holstein-Friesian dairy cows
fed at libitum with TMR in 2 freestall barns in Italy.
The samples were processed according to International
Committee for Animal Recording procedures (ICAR,
2009) and combined with preservative (Bronopol; Knoll
Pharmaceuticals, Nottingham, UK). After collection,
milk samples were stored in portable refrigerators (at
4°C) and transferred to the Milk Laboratory of the
Veneto region breeders association (ARAV, Padova,
Italy; laboratory 1). For MCP analysis, 1 random sub-
sample pack was sent to the milk quality laboratory of
Veneto Agricoltura Institute (Thiene, Italy; laboratory
2); 1 random subsample pack was sent by international
express shipping to the Laboratory of Milk Quality
(Institute of Veterinary Medicine and Animal Sciences,
Department of Nutrition and Animal Products Qual-
ity) of the Estonian University of Life Sciences (Tartu,
Estonia; laboratory 3); and the remaining 2 random
subsample packs were kept in laboratory 1 for MCP
analysis and the determination of milk fat and protein
content (MilkoScan FT 6000; Foss Electric, Hillerpd,
Denmark), SCC (Fossomatic 5000; Foss Electric), and
pH (pH-Burette 24; Crison Instruments, Barcelona,
Spain). The temperature of the samples was main-
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tained at 4°C throughout transport and storage. The
subsample for laboratory 3 was sent in an insulated box
with cooling bodies to maintain constant temperature
and when it arrived, the temperature inside the box
was checked to ensure that it was at 4°C. Because MCP
analysis and shipping to the Estonian laboratory 3 were
time consuming, MCP analysis was performed in 2
parts: 2 d (50% of samples) and 3 d (50% of samples)
after collection. The analyses of the 4 subsamples of
a same cow were performed in the same day in all 3
laboratories. The sampled cows were at different stages
of lactation (5-703 DIM) and parity (1-7), as shown in
Table 1. Milk yield, milk composition, and their vari-
ability were representative of Holstein-Friesian perfor-
mance in the Veneto region (Cassandro et al., 2008;
ATA, 2009).

Milk Coagulation Properties

As the aim of the study was to find the relationship
of MCP data in field conditions, using routine record-
ing by different methodologies, each laboratory used
their own standard protocol for MCP analysis. The
methodologies used in this work are suitable for every
single piece of equipment suggested by the producer
and already tested in each laboratory over the years.

Three methodologies of analysis were identified as
A, B, and C. In method A, a CRM and standard ren-
net were used (Hansen standard 160 IMCU/mL, with
80% chymosin and 20% pepsin; Pacovis Amrein AG,
Bern, Switzerland), which were diluted in distilled wa-
ter (1.6:100 vol/vol). In method B, the same coagulant
with the same dilution as in method A was used, and
measurement was made using an LAT. In method C,
the instrument was the OPT and a microbial coagulant
(Milase MRS, 600 IMCU/mL; CSK Food Enrichment
B.V., Leeuwarden, the Netherlands) was diluted in
distilled water (1:100 vol/vol). Fresh coagulant solu-
tion was prepared every 3 h. In each laboratory, milk
samples for MCP were removed from the refrigerator 15
min before analysis and heated in a water bath to 35°C.
Once 35°C was reached, 200 pL of coagulant solution
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was added to 10 mL of milk and the analysis began
within 15 s. According to these protocols, final coagu-
lant activities in the milk were: 0.051 IMCU/mL, 0.051
IMCU/mL, and 0.120 IMCU/mL, for the A, B, and C
methodologies, respectively.

The MCP was determined at 35°C and completed
within 30 min after the addition of the coagulating
enzyme to samples. An attempt to use uniform analysis
protocol was made with 60 random samples, for which
the coagulant solution was prepared to produce equal
coagulant activity in the milk and using the same
coagulant. These 60 samples were analyzed by CRM,
LAT, and OPT by using 0.051 IMCU/mL of coagulant
activity for all equipment and rennet Hansen standard
160 (methodology C*).

Statistical Analysis

Two MCP traits were measured: RCT and ag,. The
OPT signal for as, (in volts) was transformed into
values for agy (mm) using the calibration equation pro-
posed by Kiibarsepp et al. (2005a). Samples that did
not coagulate within 30 min were classified as NC.

Only samples that coagulated (CO) with all method-
ologies were used to compare the mean values and vari-
ances of MCP traits, and to estimate the relationships
between MCP traits. The proportions of NC samples,
mean values, and variances of MCP traits with differ-
ent methodologies were compared with the McNemar
test for matched pairs, the paired samples ttest, and
the F-test. The relationships between MCP traits were
analyzed with correlation and regression analyses for
each pair of methodologies. Two regression models
were applied for each MCP trait: model 1 was a single
regression model where the dependent and independent
variables were the same MCP trait in 2 different meth-
odologies, whereas in model 2, both az, and RCT were
included as independent variables. Additionally, the
effects of sample age, farm, parity of cows, and DIM on
the parameters of regression analysis were tested.

The NC probabilities for laboratories with the high-
est number of NC samples were predicted based on the
RCT and ay, values measured in the laboratories with
lower number of NC samples using logistic regression
and receiver operating characteristic (ROC) analysis.
The ROC analysis was used to find the optimal RCT
and ag, values to discriminate the NC and CO samples.
Moreover, the corresponding noncoagulation probabili-
ties were estimated and the percentage of correctly clas-
sified NC samples (sensitivity), correctly classified CO
samples (specificity), and the overall probability of con-
cordance (area under the ROC curve) were calculated.

A 0.05 level of significance was used. All statistical
analyses were performed using SAS software (version

88

4339

9.2; SAS Institute Inc., Cary, NC) and figures were
drawn from R software (version 2.10.1; http://www.
r-project.org).

RESULTS AND DISCUSSION
Descriptive Statistics

The number and percentage of CO and NC samples,
and descriptive statistics of MCP traits measured by
different methodologies, are presented in Table 2. The
number (and percentage) of NC samples were 7 (4.2%),
19 (11.5%), and 1 (0.6%) for the methodologies A, B,
and C, respectively. All NC samples using A did not
coagulate at the same time as B, whereas the only NC
sample using C coagulated both with A and B. This
could be related to the different principles of analysis
for OPT than for CRM and LAT instruments and, as
will be discussed later, differences in the context of the
different coagulant activity used and type of coagulant
in the different methodologies.

The percentages of NC samples in this study for A
and B were comparable with those found in Cassandro
et al. (2008) and Ikonen et al. (2004) who used CRM
and found NC percentages of 9.7% and 13.2%, respec-
tively. The C results were similar to those of Vallas et
al. (2010), where, using the same equipment (OPT),
0.3% of samples did not coagulate within 30 min after
the addition of coagulant.

The means of RCT measured on the CO samples dif-
fered significantly between the 3 methodologies (Table
2). On average, the RCT values measured with C were
much lower than those measured with both A and B
(8.0 min compared with 15.6 and 18.2 min). This large
difference is probably due to the higher concentration of
coagulant in C compared with both A and B. The varia-
tion coefficients for RCT were 23, 24, and 25% for A,
B, and C, respectively, and the standard deviation was
significantly lower for the analyses of C compared with
both A and B. The means of ay, were similar for both
B and C (29.6 and 29.7 mm, respectively), whereas for
A, the mean of a3, was significantly higher, at 36.2 mm.
The standard deviation of asy was significantly higher
for the analyses using B compared with both C and A.

In general, RCT and ag, values of the samples ana-
lyzed with A were similar to those reported by Cassan-
dro et al. (2008) for Italian Holsteins, and for C to the
values reported by Vallas et al. (2010) in the Estonian
Holstein population.

These results confirm that the MCP measured with
different methodologies, with different instruments and
coagulant activity, may give considerably different val-
ues, and to use them in joint genetic evaluation, some
transformation into one common scale is needed.
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Table 2. Description of methods used for determination of milk coagulation properties (MCP), number of noncoagulated samples, and

PRETTO ETAL.

descriptive statistics for milk rennet coagulation time (RCT, min) and curd firmness (az), mm)

Method

Ttem A B ¢ !
Methodology

Instrument Computerized renneting meter® Lattodinamografo® Optigraph* Optigraph

Coagulant Hansen standard 160° Hansen standard 160 Milase MRS 600° Hansen standard 160

Coagulant activity 0.051 051 0.120 0.051
(IMCU/mL of milk)
No.”

CcO 158 146 164 30

NC 7 (4.2%)" 19 (11.5%)" 1(0.6%)" 30 (50.0%)
RCT® (min)

Mean 15.6° 18.2° 8.0° 28.2

SD 4.0° 4.5" 1.8
ag’ (mm) L b

Mean 36.2" 29.6” 29.7° 5.1

SD 9.9° 12.9" 8.5"

““Proportions of noncoagulated samples, means, and SD within a row for A, B, and C methodologies with different superscripts differ (P <

0.05).

160 random samples were analyzed with this method.
By Polo Trade (Monselice, Italy).

By Foss-Ttalia (Padova, Ttaly).

By Ysebaert (Frépillon, France).

"Produced by Pacovis Amrein AG (Bern, Switzerland).

°Produced by CSK Food Enrichment B.V. (Leeuwarden, the Netherlands).

"CO = coagulated samples; NC = noncoagulated samples.
-

SOnly coagulated samples with A, B, and C methodologies (n = 145).

Correlation and Regression Analysis

The RCT and asy, were strongly and negatively corre-
lated in the analyses with A and B (r = —0.79 and r =
—0.86, respectively; Table 3). The correlation between
RCT and agy measured with C was significantly lower
but still negative (r = —0.23). These results are logi-
cal, as the time for instrumental assessment of MCP
through current milk coagulation meters is restricted
to 30 min from the time of coagulant addition, and
a later start of curd firmness leaves less time for the
firmness process, which results in a weaker curd (Dal
Zotto et al., 2008). Similar results have been presented
in other studies (Kiibarsepp et al., 2005b; Cassandro et
al., 2008; Vallas et al., 2010).

Strong positive linear relationships were found be-
tween RCT values measured with the different meth-
odologies (correlation coefficients ranged from 0.88 to
0.91; Table 3). The ag, values measured with different
methodologies are less related than the RCT. This is
in agreement with less favorable values of analytical
repeatability and reproducibility for az, compared with
RCT reported by Dal Zotto et al. (2008) for measures
of MCP traits obtained using CRM. The strongest
correlation was found between A and B measured ag,
values (r = 0.79; Table 3), whereas the correlation of
agp measured with C and those measured with A and
B were moderate (r = 0.53 and r = 0.66, respectively).
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Figure 1 and Figure 2 present the results of regression
analysis with model 1 for RCT and ag, respectively. The
high goodness-of-fit values of the regression between
RCT data (R* ranged from 0.77 to 0.82) allows the
reliable conversion of RCT values between laboratories
and instruments. Additionally, including the as, as an
independent variable (model 2), did not increase the
coefficient of determination value by more than 0.01
to 0.03. The transformation of as, values between pairs
of methodologies was most reliable between A and B

Table 3. Pearson correlation coefficients for milk rennet coagulation
time (RCT, min) and curd firmness (ag, mm) measured with the three
different methodologies (A, B, and C subscripts) for the coagulated
samples with all methodologies (n = 145; P < 0.05 for all correlations)

Trait RCTy RCT¢ ag0 A a3 Az ¢

RCT, 0.906 0.902 —0.787 —0.735 —0.297
RCTy 0.879 —0.742 —0.862 —0.375
RCT¢ —0.627 —0.683 —0.233
a0 A 0.793 0.533
agp 0.657

'Methods: A: computerized renneting meter (Polo Trade, Monselice,
Italy) and 0.051 IMCU/mL of milk of Hansen standard (160 IMCU/
mL, with 80% chymosin and 20% pepsin; Pacovis Amrein AG, Bern,
Switzerland); B: Lattodinamografo (Foss-Italia, Padova, Italy) and
0.051 IMCU/mL of milk of Hansen standard (160 IMCU/mL, with
80% chymosin and 20% pepsin; Pacovis Amrein AG); C: Optigraph
(Ysebaert, Frépillon, France) and 0.120 IMCU/mL of milk of Milase
de Man, Rogosa, and Sharpe (MRS: 600 IMCU/mL; CSK Food
Enrichment B.V., Lecuwarden, the Netherlands).
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(R = 0.63; Figure 2). Applying the models with both
agy and RCT as independent variables (model 2) the
reliability of predictions for conversion of the data into
C using both ag, and RCT traits (model 2) increased by
almost double (R2 = 0.55 and R? = 0.73, the predicting
of agy measured with A and B, respectively). The trans-
formation of curd firmness values in these cases should
include both azy and RCT data (equations not shown
in figure: agy , = 44.74 + 0.473 a3y ¢ — 2.839 RCT¢; ag
B = 37.09 4+ 0.797 ag ¢ — 3.921 RCT).

Prediction of Noncoagulation Probability

The logistic regression and ROC analysis results for
RCT in 3 pair combinations of methodologies are pre-
sented in Figure 3. The probabilities of NC samples
with B were highly predictable based on the milk
rennet coagulation time measured with either C or A.
Also, the probabilities of NC samples in A were highly
predictable based on the milk rennet coagulation time
measured in C. The optimal RCT values to distinguish
NC and CO samples resulted in the probabilities of
concordance with empirical data of between 0.972 and
0.996, whereby the NC samples were determined with
a probability of 1.000 and coagulated samples with
probabilities of 0.89 to 0.98 (Figure 3). Furthermore,
the prediction accuracy did not increase by taking into
account the curd firmness values. Predicting the NC
probability based on the curd firmness only resulted in
less accurate predictions.

Uniform Coagulant Activity

Additionally, analyses were made with 60 randomly
chosen samples (from 165 initial samples) using OPT
with the same coagulant activity and the same coagu-
lant as was used in the A and B methodologies (Hansen
standard 160, 0.051 IMCU/mL; C*; Table 2). The milk
yield and composition values of the 60 selected samples
did not differ significantly from the corresponding val-
ues of the whole data set. As a result, we recorded 30
NC samples; the percentage of NC samples with C*
increased from an initial 0.6% in C to 50% (Table 2).
An explanation for this increase in NC samples could
be that coagulant activity or type of coagulant (calf
rennet vs. microbial coagulant) used in A and B are
unsuitable for the Optigraph instrument.

The random sample contained 6 NC samples from B
and 5 NC samples from the A analyses, and of all of
these samples, none also coagulated with C*.

The average RCT of CO samples for C* was 21.0
min, which is significantly higher compared with the
initial RCT measured with C (8.0 min). The average
agy of the CO samples was 5.9 mm, which is signifi-

90

4341

cantly lower compared with the initial as, measured
with C (29.7 mm).

Furthermore, we tried to distinguish the CO and NC
samples of C* based on the MCP of the same samples
measured with either A or B. The ROC analyses showed
that more than 95% of the samples were correctly clas-
sifiable based on the RCT, and more than 82% based
on the agy. The probability of noncoagulated samples
seems to be quite well predictable irrespective of the
instrument used, especially based on the RCT.

Possible Causes of Difference for MCP Traits

Three 3 main reasons certainly exist that could cause
a difference in the values of the MCP traits: the first
is the different equipment used in each laboratory; the
second is the difference in coagulant activity in the
milk to induce coagulation, and the third is the type of
coagulant used.

In this study, it was difficult to distinguish the effect
of instrument and coagulant effects on the MCP for
all of the methodologies. The instrument effect is clear
in the A (CRM) and B (LAT) comparison because, in
these analyses, the same coagulant activity and type of
coagulant was used. The CRM had different sensitivity
compared with the LAT, because, in the CRM analy-
ses, the number of NC samples was smaller, the milk
rennet coagulation time was shorter, and the curd firm-
ness was thicker. Nevertheless, the working principles
of the CRM and the LAT are similar enough to allow
reliable transformation of MCP onto one scale. The dif-
ferences in the OPT working principles, in comparison
with the 2 other types of equipment investigated, could
be the cause for the weak correlation of C with the
other 2 methodologies, and a low prediction ability in
the conversion of as, in this methodology. Related to
this, the type of coagulant used could also affect the
comparison among methodologies. For instance, Jacob
et al. (2010) found that a lower concentration of calf
rennet was necessary compared with that of a micro-
bial coagulant to ensure a specified curd-cutting time.
Even in the case of a coagulant effect, a strong relation-
ship should exist between the same MCP traits with
different instruments, assuming that the instruments
measure the same aspects of the coagulation process.
The RCT indeed showed a strong relationship between
measurements from different laboratories, even when
different methodologies were used. On the contrary, the
moderate correlations between ag, measured with LAT
or CRM and OPT are probably due to the different
principles of the instruments, as the LAT and the CRM
are based on the direct measurement of viscoelasticity,
whereas the OPT measures are indirect and based on
the optical signal. O’Callaghan et al. (2002) reported
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4342

PRETTO ETAL.

— (=] [=]
® 7 Re=0.82 ® 7 R2=081 .
| w | w | RMSE=1.72
o™ o~
o | Q
o o
Q Q
x E - o f -
=K =5
y =0.15 +1.946x
w HZ o -
I T T T T 1 ) T T T T 1 | T T T T 1
5 10 15 20 25 30 5 10 15 20 25 30 4 B 8 10 12 14
RCT, RCT, RCT,
o _ R*=082 . _ o _
“ ] RMSE = 1.91 @
w _| [T}
™~ o™
o
= & / = ]
Q Q
o E - o I-{‘_') —
(=T [
L y=2.20+1.024x -
n < wn -
1 I I 1 I I I I I I I 1 I I 1 I I 1
5 10 15 20 25 30 5 10 15 20 25 30 4 6 8 10 12 14
RCT, RCT, RCT,
<9 Re=081 7 T re=077 B
o | RMSE=0.80 ~ | RMSE=089 8 92 T
o o
[ [
Q Q
r o X o \
N N qﬂ_
o
<« d y=1.42 +0.418x - y =1.40+0.360x
T 1 T 1 T T 1 I T 1 T | 1
5 10 15 20 25 30 5 10 15 20 25 30 4 6 8 10 12 14
RCT, RCT, RCT,

Figure 1. Distribution, regression parameters and regression line (solid line) shown with 95% confidence interval (dashed lines) of milk rennet
coagulation time (RCT, min) measured with 3 different methodologies (A, B, and C subscripts) for the coagulated samples with all methodolo-
gles (n = 145; P < 0.05 for all models). Methods: A: computerized renneting meter (Polo Trade, Monselice, Italy) and 0.051 IMCU/mL of milk
of Hansen standard (160 IMCU/mL, with 80% chymosin and 20% pepsin; Pacovis Amrein AG, Bern, Switzerland); B: Lattodinamografo (Foss-
Italia, Padova, Italy) and 0.051 IMCU/mL of milk of Hansen standard (160 IMCU/mL, with 80% chymosin and 20% pepsin; Pacovis Amrein
AG); C: Optigraph (Ysebaert, Frépillon, France) and 0.120 IMCU/mL of milk of Milase de Man, Rogosa, and Sharpe (MRS; 600 IMCU/mL;
CSK Food Enrichment B.V., Leeuwarden, the Netherlands). RMSE = root mean square error.

that whereas the characteristic of optical change ac-
companies coagulation, the correlation between optical
signal and curd tension is, to some extent, confounded
by the rate of reaction, indicating that changes in opti-
cal properties are not exclusively related to curd firm-
ing. This was also found by Vallas et al. (2010) in whose
study genetic and phenotypic correlations between milk

Journal of Dairy Science Vol. 94 No. 9, 2011

coagulation time and curd firmness measured by OPT
were different from those reported in previous stud-
ies using other equipment, indicating that coagulation
aspects measured by OPT, compared with mechanical
systems, may be different.

It is supposed from the results of samples analyzed
with uniform coagulant activity (methodology C¥*)
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Figure 2. Distribution, regression parameters and regression line (solid line) shown with 95% confidence interval (dashed lines) of curd firm-
ness (ag), min) measured with 3 different methodologies (A, B, and C subscripts) for the coagulated samples with all methodologies (n = 145;
P < 0.05 for all models). Methods: A: computerized renneting meter (Polo Trade, Monselice, Italy) and 0.051 IMCU/mL of milk of Hansen
standard (160 IMCU/mL, with 80% chymosin and 20% pepsin; Pacovis Amrein AG, Bern, Switzerland); B: Lattodinamografo (Foss-Italia,
Padova, Italy) and 0.051 IMCU/mL of milk of Hansen standard (160 IMCU/mL, with 80% chymosin and 20% pepsin; Pacovis Amrein AG); C:
Optigraph (Ysebaert, Frépillon, France) and 0.120 IMCU/mL of milk of Milase de Man, Rogosa, and Sharpe (MRS; 600 IMCU/mL; CSK Food
Enrichment B.V., Leeuwarden, the Netherlands). RMSE = root mean square error.

that, by decreasing the coagulant activity in the OPT
analyses, it should be possible to achieve the same RCT
as with A or B, but concurrently, the ay, values will
decrease considerably. Moreover, the relationships be-
tween MCP measured with C* and other methodologies
decreased compared with C, especially for as,. From
these analyses it can be concluded that more coagulant
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is needed for the OPT than the LAT and the CRM,
because a higher activity of coagulant in the milk is
needed to cause differences in the optical signal. In ad-
dition, higher coagulant activity improves the coagula-
tion process, and the variability of the MCP decreases.
This can be deduced from the smaller variability of the
MCP and the smaller number of NC samples in the
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Figure 3. Results of logistic regression analyses predicting (a) the probability of noncoagulated (NC) samples in method B when the analyses
for milk rennet coagulation time (RCT, min) are performed by method C, (b) the probability of NC samples in method B when the analyses for
RCT are performed by method A, and (c) the probability of NC samples in method A when the analyses for RCT are performed by method C.
The distribution of NC and coagulated (CO) samples, and the logistic regression curve (solid line) with 95% confidence interval (dashed lines)
are shown. The results of the receiver operating characteristic (ROC) analyses presented are the optimal RCT value to distinguish NC and CO
samples (vertical dotted line), corresponding noncoagulation probability [p(NC)], specificity and sensitivity, and area under the ROC curve
(AUC). Methods: A: computerized renneting meter (Polo Trade, Monselice, Italy) and 0.051 IMCU/mL of milk of Hansen standard (160 IMCU/
mL, with 80% chymosin and 20% pepsin; Pacovis Amrein AG, Bern, Switzerland); B: Lattodinamografo (Foss-Italia, Padova, Italy) and 0.051
IMCU/mL of milk of Hansen standard (160 IMCU/mL, with 80% chymosin and 20% pepsin; Pacovis Amrein AG); C: Optigraph (Ysebaert,
Frépillon, France) and 0.120 IMCU/mL of milk of Milase de Man, Rogosa, and Sharpe (MRS; 600 IMCU/mL; CSK Food Enrichment B.V.,

Lecuwarden, the Netherlands).
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initial OPT analyses in which higher coagulant activity
was used.

CONCLUSIONS

The method proposed provides the opportunity to
convert MCP data obtained by different methodologies
into comparable data sets across different methodolo-
gies. The results of this study have shown that MCP
traits analyzed with different methodologies have sig-
nificantly different values due to the diversity of the
instruments and the coagulant activity. The type of co-
agulant could have a further effect, as 2 different coagu-
lants were used: calf rennet that contains 2 milk-clotting
enzymes and one of microbial origin, which contained
a single milk-clotting enzyme; but more investigations
are needed to clarify this effect. The transformation
of the other methodologies is more precise for RCT
(R% 0.77-0.82) than for as (R* 0.28-0.63). The ag
was transformable, with moderate accuracy, between
A and B, whereas the C measurements could be trans-
formed into the other scales with moderate accuracy
only when both curd firmness and rennet coagulation
time were included in the model. The method proposed
for harmonization of noncoagulation probabilities of
milk samples showed that NC samples from one meth-
odology were highly predictable based on the rennet
coagulation time measured with another methodology.
This work pointed out the problem that a standard
definition for MCP traits analysis is needed to enable
reliable comparisons between MCP traits recorded in
different laboratories, and in different animal popula-
tions and breeds.
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ABSTRACT

The objective of this study was to estimate the effect
of composite 3-k-CN genotypes on milk coagulation
and composition traits, and on the additive genetic
variation of these traits in Estonian Holstein dairy
cattle. A total of 23,970 milk samples, repeated mea-
surements from the first to third lactation from 2,859
Estonian Holstein cows from 78 herds across the coun-
try, were analyzed for milk yield, milk fat and protein
percentages, somatic cell count, and milk coagulation
properties (milk coagulation time and curd firmness).
Each cow had at least 3 measurements per lactation.
Two single-trait random regression animal models were
fitted for the traits studied. The first model considered
fixed effects of year-season of sampling and year-season
of calving, calving age (nested within lactation), sample
age (only for milk coagulation traits) and days in milk,
and random herd, additive genetic, and permanent envi-
ronmental effects. The animal and permanent environ-
mental effects were modeled over the lactation period
by using Legendre polynomials. The second model had
the additional fixed (3-k-casein effect in the form of a
third-order Legendre polynomial. The 2 most frequent
B-k-casein composite genotypes were A2A2AA and
A1A2AA, both with prevalence greater than 20%. Per-
centages of the remaining 31 genotypes were less than
8%, including 20 genotypes with percentages less than
1%. The (3-k-casein genotype-specific lactation curves
were significantly different for milk coagulation traits
and milk protein percentage. The B variant of k-casein
showed a favorable effect on both milk coagulation
traits, whereas the IB haplotype had an increasing ef-
fect on curd firmness and protein percentage. Inclusion
of the B-k-casein genotype effects in the model resulted
in decreases in the mean additive genetic variations for
milk coagulation time and curd firmness of 12.9 and
51.1%, respectively.
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INTRODUCTION

Milk protein polymorphisms are often investigated
in connection with milk performance traits. Some of
these traits are hard to measure; therefore, milk protein
polymorphisms promote a better understanding of the
genetic background of milk production and offer an
alternative indirect selection approach for improving
milk quality. Many researchers have investigated asso-
ciations between milk protein polymorphisms and milk
production traits (Ng-Kwai-Hang et al., 1984; Boven-
huis et al., 1992; Boettcher et al., 2004) and protein
composition (McLean et al., 1984; Heck et al., 2009;
Bonfatti et al., 2010b). One of the most striking effects
of milk protein polymorphisms on traits of economic
interest is their relationship with the cheese-making
properties of milk (see review by Caroli et al., 2009),
including milk coagulation properties.

Some studies have found an association of genetic
polymorphism of k-CN with milk coagulation traits
(Macheboeuf et al., 1993; Tkonen et al., 1997; Mayer et
al., 1997) and protein percentage (Aleandri et al., 1990;
Bovenhuis et al., 1992; Ikonen et al., 1999b), whereas
the B-CN polymorphism was found to be related to fat
percentage and fat and protein yields (Bovenhuis et
al., 1992; Tkonen et al., 1999b). Many of the studies,
however, had small sample sizes, with small coverage
of the study population and limited variation in CN
genotypes. Additionally, possibly because of the dif-
ferent breeds and different mathematical models used
in the different studies, some results are inconsistent.
Furthermore, because of the genetic linkage between
the 3-CN and k-CN loci, composite 3-k-CN genotypes
or haplotypes have been proposed for the estimation of
CN genotype effects (Lundén et al., 1997; Ojala et al.,
1997; Comin et al., 2008) on milk performance traits.

Recently, large-scale studies have been conducted
(Comin et al., 2008; Bonfatti et al., 2010a; Penasa et
al., 2010), enabling a more accurate adjustment for
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CN genotype effects in the estimation of the additive
genetic variance component of milk composition and
coagulation traits. However, few studies have reported
the presence of the (3-CN I allele (Bonfatti et al.,
2010a,b; Visker et al., 2010), and no clear influence of
this allele on milk coagulation traits has been reported.
Furthermore, the authors are aware of only the small-
sample-size study by Ikonen et al. (1997) using 3-k-CN
genotypes and repeated measurements, allowing the
separation of variance components of additive genetic
and permanent environmental effects in the model for
analysis of variation in milk coagulation.

The aim of the present large-scale study, with repeat-
ed measurements, was to estimate the effect of com-
posite B-k-CN genotypes on the coagulation properties
and composition of milk and on the additive genetic
variation of these traits in the Estonian Holstein dairy
population.

MATERIALS AND METHODS
Data

Milk samples from first- to third-lactation Estonian
Holstein cows were collected during routine milk re-
cording, as part of a development project for the
Bio-Competence Centre of Healthy Dairy Products in
Estonia, from April 2005 to May 2010. The herds were
milked 2 or 3 times a day. The individual milk samples
from each cow were collected either as a mixture of all
test-day milkings from the cow or as only the morn-
ing, afternoon, or evening milking of the cow on the
test day. Milk samples were immediately preserved
with Bronopol (Knoll Pharmaceuticals, Nottingham,
UK) and stored at 4°C during the transportation and
analysis periods. The individual milk samples of the
cow were collected and analyzed for milk composition
and coagulation traits, with intervals of 2 to 3 mo dur-
ing lactation (7 to 305 DIM).

Milk samples were excluded if the pH was lower than
6.5, indicative of colostrum (Bhandari and Singh, 2002),
the sample age was more than 12 d and, according to
the recommendations of the International Committee
for Animal Recording (ICAR, 2009), milk yield was less
than 3 kg, fat content was outside the range of 1.5 to
9%, and protein content was outside the range of 1 to
7%. Noncoagulated milk samples (n = 138) were also
removed. Further, individual cow lactations with fewer
than 3 samples and herds with fewer than 5 cows were
excluded.

The number of test-day records in the final data set
was 23,970. Milk samples were collected from 2,859
Estonian Holstein cows (daughters of 229 sires) from
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78 herds across the country. Each cow had 3 to 7 mea-
surements per lactation. The number of daughters per
sire varied from 1 to 177. Additionally, a pedigree of 4
generations of animals was used, which included 20,791
animals.

Information about the cows, herds, and pedigree was
obtained from the Estonian Animal Recording Centre
(Tartu) and the Animal Breeders’ Association of Esto-
nia (Keava), and the database COAGEN, of the Bio-
Competence Centre of Healthy Dairy Products (Tartu,
Estonia), was formed from these data.

Milk Sample Analysis

The test-day milk yield was recorded, and individual
milk samples were analyzed for fat and protein percent-
ages by using MilkoScan 4000 and MilkoScan FT6000
instruments (FOSS, Hillergd, Denmark), and for SCC
by using Fossomatic 4000 and Fossomatic 5000 cell
counters (FOSS), at the Milk Analysis Laboratory of
the Estonian Animal Recording Centre, using methods
suggested by the International Committee for Animal
Recording (ICAR, 2009). Milk sample analysis included
all individual milk samples, including milk samples col-
lected as a mixture of all test-day milkings of the cow.
Somatic cell count values were log-transformed to SCS:
SCS = logy(SCC/100,000) + 3.

The pH and milk coagulation properties were deter-
mined at the Milk Quality Laboratory of the Estonian
University of Life Sciences, as described by Vallas et
al. (2010). Briefly, a pH meter (Seven Multi, Mettler
Toledo GmbH, Greifensee, Switzerland) was used for
determination of the pH level of the milk before mea-
suring milk coagulation time (RCT, min) and curd
firmness (agg, V), which were determined using an
Optigraph (Ysebaert, Frepillon, France).

Genotyping of Milk Protein Variants

Genotyping was carried out in the Animal Genetics
Laboratory at the Estonian University of Life Sciences
and the database COACAS, of the Bio-Competence
Centre of Healthy Dairy Products, was formed. Blood
samples were collected in tubes containing Kz;EDTA.
Deoxyribonucleic acid was extracted from whole blood
using a commercial Genomic DNA Purification Kit
(MBI Fermentas, Vilnius, Lithuania) and a Puregene
DNA Purification System for Laboratory Use Blood
Kit (Gentra Systems, Minneapolis, MN). The CN gene
polymorphisms (SNP) were analyzed on the basis of
nucleotide exchanges in codons 67, 93, 106, and 122
of exon 7 in the 3-CN gene (determining the variants
Al, A2, A3, B, and I) and in codons 148 and 155 of
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exon 4 in the k-CN gene (A, B, and E variants). The
primer design was based on GenBank sequence X14711
for primer-specific PCR (allele-specific oligonucleotide-
PCR) to detect polymorphisms in the 3-CN gene. Using
the present set of primers enabled discrimination of the
I allele, previously genotyped as A2. Polymorphisms in
the k-CN gene were analyzed according to the method
described by Velmala et al. (1993), applying restriction
analysis (restriction fragment length polymorphism-
PCR). The restriction fragment length polymorphism-
PCR and allele-specific oligonucleotide-PCR products
were visualized by electrophoresis on 2% agarose gel
and documented using Bio-Capt v. 12.5 software (Vil-
bert Lourmant, France). Samples with various milk
protein genotypes were verified using DNA sequencing
of the relevant chromosomal regions. Sequencing was
performed using a BigDye Terminator v3.1 Cycle Se-
quencing Kit (Applied Biosystems, Carlsbad, CA) and
analyzed using an ABI Prism 3130 Genetic Analyzer
(Applied Biosystems).

Statistical Analysis

Two single-trait random regression animal models
were applied to the studied traits. The full model was

Yot () = 1+ D0, 18, () + D ¢, 18, (0) + Fy + 1y,
= =0

q r
+Z a, g, (t) + z D€, 18, (8) + € ()5
p=0 p=0

where () is the observation of milk coagulation
traits (RCT and ag), milk yield, protein percentage, fat
percentage, or SCS on the #th day in milk; p is the
overall mean; lg,(?) is the pth-order Legendre polyno-
mial of the #th DIM; b, is a fixed regression coefficient
of the pth-order Legendre polynomial; c;, is a fixed
genotype-specific regression coefficient; F; indicates a
subclass of other fixed effects, including calving age
(nested within lactation), sample age (only for milk
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coagulation traits), year-season of sampling, and year-
season of calving; fy, is random herd effect; a;, is a ran-
dom animal-specific regression coefficient of the gth-
order Legendre polynomial; pe,,, is a random permanent
environment-specific regression coefficient of the rth-
order Legendre polynomial; and €;j,,,(¢) is the random
error term. Orders ¢ and r varied from 0 to 3, depend-
ing on the trait studied. The reduced model was the full
3

model without the 3-k-CN genotype effect ch lg,(4).
p=0

The analyses were performed using ASReml (Gilm-
our et al., 2002). Further, composite genotype-specific
lactation curves and dynamics of additive genetic varia-
tion during lactation were evaluated in SAS software
version 9.2 (SAS Institute, 2008) based on the regres-
sion coefficients and covariance matrices of Legendre
polynomials, respectively. Lactation total genotype ef-
fects for milk composition and coagulation traits were
calculated as sums of differences between daily values
of average and genotype-specific lactation curves ob-
tained by the full model.

RESULTS AND DISCUSSION
Descriptive Statistics

Descriptive statistics for milk yield, composition, and
coagulation traits are presented in Table 1. The number
of test-day records was much higher in the first lacta-
tion; in the second and the third lactations, the number
of cows decreased along with the number of test-day
records.

Genotype frequencies of 3-k-CN genotypes are shown
in Table 2. Two genotypes, A2A2AA and A1A2AA,
were more frequent than the rest, with percentages of
27.4 and 23.1%, respectively. The percentages of the
remaining 31 genotypes were less than 8%, including
20 genotypes with percentages less than 1%. These
genotype frequencies were similar to those reported for
Ttalian Holstein cows (Comin et al., 2008). Genotype
A1TAE appeared only once and was therefore excluded

Table 1. Descriptive statistics for milk coagulation and composition traits per lactation (mean + SD)

First lactation Second lactation Third lactation Total
Trait (n = 11,699) (n=7917) (n = 4,354) (n = 23,970)
Milk coagulation time, min 10.65 £ 2.50 10.30 £ 2.04 9.51 £ 1.76 10.32 £ 2.27
Curd firmness, V 13.79 £+ 3.93 13.69 £ 4.28 13.72 + 4.29 13.74 £ 4.11
Milk yield, kg/d 25.76 + 7.12 28.86 £ 9.72 30.28 + 10.47 27.61 + 8.91
Fat, % 4.05 £ 0.69 4.07 £ 0.80 4.07 £ 0.81 4.06 £ 0.75
Protein, % 3.36 £ 0.31 3.39 £ 0.35 3.38 £0.35 3.38 £ 0.33
Scs! 2.85 £ 1.88 3.52 £ 2.01 3.81 £ 2.01 3.25 £ 1.99

1SCS = [log,(SCC/100,000) + 3].
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Table 2. Distribution of casein genotypes [no. (%)]: marginal genotype frequencies of 3-casein (last column), k-CN (upper row) and frequencies

of composite 3-k-casein genotypes

k-CN genotype

AA AB AE BB BE EE Total no. (%)
B-CN
genotype 1,561 (54.6) 812 (28.4) 287 (10.0) 114 (4.0) 77 (2.7) 8 (0.3) 2,859 (100)
A1A1 112 (3.9) 44 (1.5) 70 (2.4) 3(0.1) 17 (0.6) 8 (0.3) 254 (8.9)
A1A2 659 (23.1) 210 (7.3) 213 (7.5) 18 (0.6) 29 (1.0) 1,129 (39.5)
AIB 43 (1.5) 12 (0.4) 9 (0.3) 64 (2.2)
AlL 79 (2.8) 1(0.0) 16 (0.6) 22 (0.7) 118 (4.1)
A2A2 783 (27.4) 176 (6.2) 3(0.1) 4(0.1) 966 (33.8)
A2A3 5 (0.2) 5 (0.2)
A2B 2 (0.1) 76 (2.7) 10 (0.3) 88 (3.1)
A21 179 (6.3) 19 (0.7) 198 (7.0)
BB 3(0.1) 6 (0.2) 9 (0.3)
BI 2 (0.1) 14 (0.5) 16 (0.6)
i 12 (0.4) 12 (0.4)

from further statistical analyses. A Dutch Holstein-
Friesian investigation inferring B-k-CN haplotypes
showed that 3-CN protein variant I occurred only with
k-CN variant B (Visker et al. 2010). The very rare 3-x-
CN genotype AI1IAE showed the presence of different
combinations of the 3-CN I allele with the k-CN vari-
ant other than the B allele in our study. However, of
344 animals having at least 1 3-CN I allele, 343 also
had at least 1 k-CN B allele. The rare k-CN genotype
EE was associated only with the 3-CN A1A1 genotype.
Genotypes BE and AE of k-CN were also mainly as-

sociated with 3-CN genotypes that included the Al
allele. The 3-k-CN A1E haplotype was also observed in
the popular Finnish Ayrshire bull Makimattilan Inssi
in the study by Velmala et al. (1995), in which the E
allele was exclusively found in this haplotype.

B-k-CN Genotype Effects on Milk Composition
and Coagulation Traits

Associations between (-k-CN genotypes and milk
composition and coagulation traits are presented in

30
A2A3AA
20
A2IAB
L A2A2AB
= AIAIBE ) n1ad
= BBAB
g , ALIBE , AIAZBE
= A1A2AB
3 :
A2A2AE
& 10 28AB
b {A1A1BB BIBB
-20 A1BAB®,
A1BBE
-30 BBBB
i BIAB
-1200 -800 -400 0 400 800 1200

a,,V

Figure 1. Estimated total 3-k-CN genotype effects for curd firmness (ay) and log-transformed milk coagulation time [log(RCT)] as devia-
tions from the overall mean. The genotypes in bold are those including the 3-CN I allele; the 2 groups of genotypes surrounded by dotted lines
comprise the k-CN BB genotype (composite genotypes of favorable coagulation) or exclude the k-CN B allele (except for 2 rare variants; com-

posite genotypes of unfavorable coagulation), respectively.
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Figure 2. Estimated total 3-k-CN genotype effects for protein percentage and curd firmness (ay) as deviations from the overall mean.
Genotypes in bold are those including the 3-CN I allele; the 2 groups of genotypes surrounded by dotted lines comprise the k-CN BB genotype

or exclude the k-CN B allele (except for 2 rare variants), respectively.

Figures 1, 2, and 3. For the presented traits, the sig-
nificance values of a 3-k-CN genotype effect were P <
0.001 for the RCT, agy, and protein percentage and P
= 0.096 for the fat percentage. Additionally, dynamics
of 3-k-CN genotype effects on milk coagulation traits
and protein percentage during lactation are shown in
Figures 4, 5, and 6.

The association of 3-k-CN genotypes with milk co-
agulation traits indicates that the genotypes related to
the higher values of ay, also corresponded to a shorter
RCT (Figure 1). The favorable B-k-CN genotypes
increasing the ay, and decreasing the RCT comprised
genotype BB of k-CN, whereas the unfavorable geno-
types decreasing the ag) and increasing the RCT ex-
cluded the B allele of k-CN (including 2 more frequent
genotypes, A2A2AA and A1A2AA). These groups,
based on the k-CN genotype in the 3-k-CN composite
genotype, are designated with dotted lines in Figure
1. A similar effect of the k-CN B allele was reported
by Comin et al. (2008). As in the studies by Comin
et al. (2008) and Bonfatti et al. (2010a), a favorable
effect of the B-CN B allele on milk coagulation traits
was found in the present study. As indicated by groups
based on k-CN genotypes (Figure 1), however, k-CN
seemed to have a greater influence on these traits, as
was also suggested by Comin et al. (2008). Further-
more, the order of 3 k-CN genotypes was clear for ag,
in the B-k-CN composite genotypes: BB > AB > AA

Journal of Dairy Science Vol. 95 No. 11, 2012

(Figures 1 and 2). This order of k-CN genotypes cor-
responded to the concentration and proportion of k-CN
described by McLean et al. (1984), Ikonen et al. (1997),
and Hallén et al. (2008). Therefore, the association of
the k-CN B variant with milk coagulation traits may
be due to an alteration in protein composition, as was
also suggested by Bonfatti et al. (2010a). No clear supe-
riority of genotypes was observed, including the 3-CN
I allele for either of the milk coagulation properties.
However, genotypes including the I allele were all (with
one exception) above the as, mean and were close to
the mean for RCT. Only the A1IBE genotype showed
an unfavorable effect for both milk coagulation traits,
which might have been caused by the negative effect of
the k-CN E allele on milk coagulation, as previously
reported by Ojala et al. (2005) and Hallén et al. (2007).

Genotype BB of k-CN showed no association with
protein percentage, whereas the group of genotypes
lacking the B allele of k-CN (excluding the rare geno-
types A2A2AE and A2A3AA, where the effect may be
uncertain) corresponded to a lower protein percentage
(Figure 2). The latter result is in accordance with pre-
vious studies of Bonfatti et al. (2010b) and Visker et
al. (2010) but disagrees with the result of Comin et
al. (2008), who found no association between protein
percentage and k-CN genotypes. The I allele of 3-CN
had a positive effect on protein percentage. This result
confirms the report by Visker et al. (2010), who also
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Figure 3. Estimated total 3-k-CN genotype effects for fat percentage and protein percentage as deviations from the overall mean. Genotypes

in bold are those including the 3-CN I allele.

found a positive effect of the 3-CN I variant on pro-
tein percentage. The favorable association of 3-k-CN
haplotype IB with protein percentage, however, seemed
to occur from the positive effect of the 3-CN I variant
rather than from the effect of the k-CN B variant (Fig-
ure 2). At the same time, all genotypes (except one)
potentially incorporating the 3-k-CN haplotype IB had
a positive effect on ayy (Figures 1 and 2), confirming
the favorable effect of this haplotype on ag,. The posi-
tive effect of B-k-CN haplotype IB on ay, has not been
reported previously. A slight increase in the protein
percentage associated with haplotype IB has also been
reported by Bonfatti et al. (2010b).

Genotypes related to a higher protein percentage
were also related to a higher fat percentage (Figure
3), but no specific groups of genotypes could be de-
termined. The effect of the B-k-CN genotype on milk
yield and SCS was not significant. These results agree
with those in previous studies by Comin et al. (2008),
Bonfatti et al. (2010b), and Visker et al. (2010). How-
ever, the 2 more frequent 3-k-CN genotypes, A2A2AA
and A1A2AA, had a moderately positive effect on milk
yield albeit not statistically significant.

B-k-CN Genotype Effects on Additive Genetic
Variance of Milk Traits

The B-k-CN genotype-specific lactation curves were
significantly different for milk coagulation traits and
milk protein percentage (P < 0.05). The analysis of
covariance functions showed that the 3-k-CN genotype
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Figure 4. Genotype-specific curves for 3-k-CN genotypes with a
frequency above 10 for curd firmness (ay). The genotypes with higher
frequencies are presented in panel a, and less frequent genotypes are
presented in panel b. Genotype frequencies are presented in parenthe-
ses. Color version available in the online PDF.
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Figure 5. Genotype-specific curves for B-k-CN genotypes with
a frequency above 10 for log-transformed milk coagulation time
[log(RCT)]. The genotypes with higher frequencies are presented in
panel a, and less frequent genotypes are presented in panel b. Genotype
frequencies are presented in parentheses. Color version available in the
online PDF.

effect mainly caused changes in the proportion of addi-
tive genetic variation, whereas the dynamics (the shape
of the curve) remained largely the same (Figure 7).
Inclusion of a B-k-CN genotype effect into the model
resulted in a decrease in the mean additive genetic vari-
ance by 12.9% for RCT, and by 51.1% for ay, (Table
3). The result for ag, was similar to the decrease of 68%
reported by Penasa et al. (2010), whereas the decrease
for RCT was comparable with the 20% decrease de-
scribed by Ikonen et al. (1999a). However, the study
by Ikonen et al. (1999a) included both Finnish Friesian
and Finnish Ayrshire breeds and additionally consid-
ered a (3-LG effect. Similar to the reports by Penasa et
al. (2010) and Ikonen et al. (1999a), the 3-k-CN geno-
type effects on milk yield, protein and fat percentages,
and SCS additive genetic variance were marginal. The
cows in the studies by Penasa et al. (2010) and Ikonen
et al. (1999a) were sampled only once; consequently,
the animal models in these studies did not include a

Journal of Dairy Science Vol. 95 No. 11, 2012
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permanent environmental variance component, which
may have caused some of the difference in their results
compared with the present study regarding the effect
of milk protein polymorphism on the additive genetic
variance. Analyses of the permanent environmental
variance showed that the inclusion of a 3-k-CN geno-
type effect caused an increase in this parameter (Table
3). Inclusion of the B-k-CN genotype effect allowed
more precise distinction of the additive genetic and the
animal-specific permanent effects, which could explain
the increase in permanent environmental variance.

CONCLUSIONS

This study included 2,859 Estonian Holstein cows.
The most frequent 3-k-CN composite genotypes were
A2A2AA and A1A2AA, both with prevalence greater
than 20%. These genotypes had unfavorable effects on
RCT and ag. Of the 344 animals that had at least 1
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Figure 6. Genotype-specific curves for 3-k-CN genotypes with a
frequency above 10 for protein percentage. The genotypes with higher
frequencies are presented in panel a, and less frequent genotypes are
presented in panel b. Genotype frequencies are presented in parenthe-
ses. Color version available in the online PDF.
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Table 3. Lactation curve means for dispersion components of the additive genetic ((Tza) and permanent environmental (GEPe) cffects, estimated
with random regression animal models excluding or including the 3-k-CN genotype effect (models 1 and 2, respectively)

. Relative . Relative
Mean of 02, difference Mean of cl,,H difference
Model 2 Model 2
Trait Model 1 Model 2 — model 1, % Model 1 Model 2 — model 1, %
Log(RCT),Z min 0.0107 0.0093 —12.9 0.0031 0.0035 14.6
Curd firmness, V 7.1483 3.4949 —51.1 NE? 1.0809 NE
Milk yield, kg/d 10.7748 10.3217 —4.2 8.0809 8.4902 5.1
Fat, % 0.1204 0.1176 —2.4 0.0388 0.0405 4.6
Protein, % 0.0313 0.0294 —5.9 0.0028 0.0035 27.7
scst 0.2189 0.2207 0.8 0.7950 0.7968 0.2
![(Model 2 — model 1)/model 2] x 100.
?Log-transformed milk coagulation time.
*NE = not estimable.
SCS = [logy(SCC/100,000) + 3].
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Figure 7. Dynamics of additive genetic variance of milk coagulation [log(RCT) and ay) and composition traits during lactation (7 to 305
DIM) considering the 3-k-CN genotype effect (solid line) and excluding the B-k-CN genotype effect (dashed line) as a third-order Legendre
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3-CN T allele, 343 also had at least 1 k-CN B allele,
a strong indication of the existence of a (3-k-CN IB
haplotype. The B variant of k-CN showed a favorable
effect on both milk coagulation traits, whereas the IB
haplotype had an increasing effect on ag, and protein
percentage. The composite B-k-CN genotypes influ-
enced the additive genetic variance of milk coagulation
traits, whereas changes in the additive genetic variance
of milk composition traits were marginal.

Thus, considering the high frequency of unfavorable
B-k-CN genotypes for milk coagulation traits, and the
positive association of the (3-k-CN IB haplotype with
agy and protein percentage, selection based on the (3-k-
CN genotype for these traits could be a consideration.
Genetic improvement is expected to be higher for milk
coagulation properties because the influence of the 3-x-
CN genotype on the additive genetic variation of these
milk properties was stronger than its influence on the
additive genetic variation of milk composition traits.
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