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Summary
Omitting the dry period of dairy cows is gaining interest because of its beneficial effects on energy
balance and metabolic health. However, upon omission of the dry period, milk composition might
change due to the extension of late lactation, which could affect the rennetability. Prior research
showed a high variability in curd firming rate (CFR) and curd firmness (CF) of milk from continuously
milked Holstein-Friesian cows close to calving. They ranged from extremely well coagulating to noncoagulating. Milk with good coagulation ability is a preferred raw material for the dairy industry.
Therefore, it is of interest to understand the underlying causes of milk with impaired coagulation
ability. Protein composition, Immunoglobulin G (IgG) concentration, somatic cell count (SCC), plasmin
activity, plasminogen activity, free amino groups, pH and ethanol stability were measured in late
lactation milk from 12 individual Holstein-Friesian cows managed with a 0-day dry period, to explain
the influence of compositional changes, due to omission of the dry period, on renneting properties of
late lactation milk close to parturition. In general, many compositional changes were found in
prepartum milk upon continuously milking. Milk yield (↓), Protein content (↑), lactose content (↓), αS2casein % (↓), total κ-casein % (↑), glycosylated κ-casein % (↑), non-glycosylated % (↓), α-lactalbumin %
(↓), IgG concentration (↑), SCC (↑), plasmin activity (↑), plasminogen activity (↑), free amino groups
(↓), pH (↓) and ethanol stability (↓) were found to change by extension of late lactation. The elevated
protein content of the milk was mainly attributed to the increase in IgG. Standard deviations for all
parameters were larger in the weeks closer to calving, indicating enlarged compositional variation
among cows close to parturition, leading to differences in renneting properties of these milks.
Because multiple parameters were found to affect curd formation, it is impossible to attribute the
non-coagulating behaviour of the poor milks to one single parameter. The poor renneting properties
of the non-coagulating milks could be explained by the combined negative effect of an increased
plasmin activity, glycosylated κ-casein:chymosin ratio and IgG concentration. On the other hand, the
decrease in pH and ethanol stability were positively affecting the renneting properties. However, this
positive effect did not overrule the negative effect of increased plasmin activity, glycosylated κcasein:chymosin ratio and IgG, for the non-coagulating milks. The bulk milk was not affected by
continuous milking farm management, and can thereby safely be used for further processing.
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1. Introduction
Milk production in dairy cows starts from the moment their first calf is born. Each period of lactation
is interrupted by a so called dry period, which commonly starts 305 days after calving. After this dry
period the next calf is born and a new lactation cycle begins. The dry period is an important period
for dairy cows in between two periods of lactation, where cell renewal occurs to prepare for the
subsequent lactation. A dry period of 60 days before parturition is commonly applied. After this
period the cow is ready for a new lactation. An increased milk yield in the beginning of the
subsequent lactation is known to be observed (Kuhn, Hutchison, & Norman, 2005). Some farmers
choose for a shortened dry period or even continuous milking, since this comes along with some
advantages. Shortening the dry period shifts milk production from the critical period after calving to
the weeks before calving. Decreasing dry period length therefore results in a reduced milk
production in early lactation. This improves the energy balance and metabolic health of the cow in
early lactation (van Knegsel, Remmelink, Jorjong, Fievez, & Kemp, 2014; van Knegsel, van der Drift,
Cermakova, & Kemp, 2013). Moreover, the protein content in postpartum milk increases when the
dry period is shortened or even omitted (0.06% and 0.25% respectively) (van Knegsel et al., 2013).
When the dry period is shortened or omitted, late lactation is extended, and this results in milk
obtained very close to calving.
Stage of lactation is one of the most important physiological variables affecting milk composition.
Protein percentage (↑), protein composition (αS1-casein ↓ , αS2-casein ↑, glycosylated κ-casein ↑, nonglycosylated κ-casein ↓ and β-casein ↓), proteolytic activity (↑), free calcium concentration (↑) and pH
(↑) are known to change during late lactation (R. de Vries et al., 2015; Ostersen, Foldager, &
Hermansen, 1997; White & Davies, 1958) and might therefore depend on dry period length.
Compositional changes due to decreasing dry period length might influence milk processing
properties which are of importance for both the farmer and the food industry, for example in the
cheese making industry. In this thesis report the impact of extended lactation by omitting the dry
period on individual milk quality, composition and suitability for cheese processing will be described.
Within the dairy group of Food Quality and Design at Wageningen Univiersity, some prior research on
the influence of shortening or omitting the dry period, on milk compositional changes and processing
characteristics of cheese milk has already been performed. This was done for milk of 10, 8, 6, 4, and 2
weeks prepartum. The research was mainly focussed on changes of casein fractions, αS1-casein, αS2casein, κ-casein and β-casein, in the milk. It was found that the protein content of milk from
continuous milked cows increased. Furthermore fractions of αS1-casein (↓), αS2-casein (↑) and βcasein (↓) were affected upon omitting the dry period. Curds were formed from the obtained late
lactation milk, and curd firming rate and curd firmness were determined. Until 4 weeks prepartum
there was variation among cows. However, the milk of all cows still showed acceptable renneting
properties. While at 2 weeks before calving a remarkable large variation was found among cows.
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Milk of some cows showed excellent renneting properties 2 weeks prepartum, while milk from other
cows was found to be non-coagulating.
Compositional data of late lactation milk from continuous milked cows are lacking for proteolytic
activity, calcium activity, pH and the degree of glycosylation of kappa casein. Combination of these
compositional parameters with the prior data might explain the variation in renneting properties of
this milk 2 weeks prepartum. Milk with good coagulation ability is a preferred raw material for the
dairy industry. Therefore, it is of interest to understand the underlying causes of milk with impaired
coagulation ability.

1.1 Aim of this research
The aim of this research is to explain the influence of compositional changes, due to omission of the
dry period of Holstein-Frisian dairy cows, on renneting properties of late lactation milk 2 weeks
prepartum.

1.2 Research questions
How are the following parameters in late lactation milk from Holstein-Friesian cows affected when
managed without a dry period, and do these changes affect the renneting properties of late lactation
milk close to calving?
-

Degree of glycosylation of κ-casein

-

Plasmin and plasminogen activity

-

Calcium activity

-

Milk pH

-

Immunoglobulins concentration

Figure 1: Research questions overview
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2. Background information
2.1 Dry period for dairy cows
Dairy cows have to calve to provoke milk production. The period in between two calf births is called
the lactation cycle. The lactation cycle can be split into four phases: early, mid and late lactation (last
together ± 305 days) and a dry period (which commonly takes ± 60 days). Thus, after the dry period
parturition occurs and a new lactation cycle starts. During the lactation cycle, changes in milk
production, body weight and dry matter intake are known to be present (figure 2).

Figure 2: Lactation cycle of the dairy cow
The dry period can be seen as a period in which the cow prepares herself for the next lactation cycle.
During the dry period several changes occur in the udder. The early dry period is associated with an
abrupt cessation of milk removal, engorgement of cisternal spaces, ducts, and alveoli with milk
constituents, marked changes in mammary secretion composition, and regression of secretory tissue.
Near parturition, mammary glands again undergoes marked transition characterized by rapid
differentiation of secretory tissue, intense growth, copious synthesis and secretion of proteins, fat,
and carbohydrates, and accumulation of colostrum (Oliver & Sordillo, 1988). An increased milk yield
in the beginning of subsequent lactation is known to be observed (figure 2) (Kuhn et al., 2005).
Udder health during the dry period is an important factor associated with the production of
maximum quantities of high quality milk. From an udder health perspective, the goal of the dry
period is to have as few infected quarters as possible at the next calving (Dingwell et al., 2002).
However, at the beginning and end of the dry period the mammary glands are highly susceptible to
new intramammary infections, which result in a decreased milk production, altered milk composition
and impaired mammary function. The prevention of infections is therefore of high importance (Oliver
& Sordillo, 1988). Many infections that occur at this time are associated with clinical mastitis
(inflammation of the udder) during early lactation. The most effective and common used method to
control mastitis is the use of a dry cow antibiotic treatment during the dry period.
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Some farmers choose for a shortened dry period or even continuous milking. This is accompanied by
a reduced milk production (1.4kg/d in case of a dry period of 28 - 35 days; 5.9 kg/d in case of a dry
period of 0 days) (R. de Vries et al., 2015; Kok et al., 2016; van Knegsel et al., 2014). The decrease in
milk yield in early lactation leads to an improved energy balance and metabolic health of the cow
after calving (van Knegsel et al., 2014; van Knegsel et al., 2013). Also, research has shown that the
protein content postpartum increased when the dry period is shortened or even omitted (0.06% and
0.25% respectively) (van Knegsel et al., 2013). When the dry period is shortened or omitted, late
lactation is extended, and this results in milk obtained very close to calving. Extension of late
lactation might result in changes in gross composition, protein composition, proteolytic activity, pH
and calcium activity, which could affect the rennetability of the milk.

2.2 Milk composition
2.2.1 Gross milk composition
Milk is defined as the secretion of the mammary glands of mammals, its primary natural function
being nutrition of the young (Walstra, 2006). Besides the function of nutrition for the calf, bovine
milk is also part of the human diet for centuries. Due to its good physiological properties, milk can be
processed into all kind of dairy products like cheeses, yoghurts and powders. In this way milk
contributes to our daily nutrition by providing substantial amounts of gross components like
proteins, fat and lactose. Besides delivery of the main energy sources, milk also contains various
minor nutritional components. The approximate composition of bovine milk is shown in table 1.

Table 1: Approximate composition of bovine milk (milks of lowland breeds) (Walstra, 2006).
Component

Average content in milk

Range (% w/w)

(% w/w)
Water
Lactose
Fat
Protein
Of which casein
Mineral substances
Organic acids
Miscellaneous

87.1
4.6
4.0
3.3
2.6
0.7
0.17
0.15

Average content in dry
matter (% w/w)

85.3 – 88.7
3.8 – 5.3
2.5- 5.5
2.3 – 4.4
1.7 – 3.5
0.57 – 0.83
0.12 – 0.21
-

36
31
25
20
5.4
1.3
1.2

2.2.2 Milk lactose
The average lactose content of bovine milk is 4.6 % (w/w). Lactose is a reducing sugar composed of
glucose and galactose and is present in the milk serum (the watery phase). Lactose is synthesized
within the Golgi apparatus of mammary secretory cells (Stelwagen, 2011). After synthesis lactose is
transported through secretory vesicles from the Golgi membrane, through the cytosol, towards the
8

apical membrane. Here the contents of the secretory vesicles is released into the milk pool. These
vesicles contain also milk proteins which are released (Stelwagen, 2011). Lactose is the main osmotic
constituent in milk (Lin et al., 2016). Because lactose makes the inside of the secretory vesicles
hypertonic with respect to the cytosol, water is drawn from the cytosol into the secretory vesicles
until they are in equilibrium with the cytosol. Therefore, milk yield greatly depends on mammary
lactose synthesis (Stelwagen, 2011). A high lactose yield is thus accompanied by a high milk yield. The
lactose content in milk decreases with lactation stage and in the occurrence of mastitis (Auldist,
Coats, Rogers, & Mcdowell, 1995).

2.2.3 Milk fat
Fat is present in a somewhat lower amount: 4.0 % (w/w). Nearly all of the fat in milk is present in fat
globules. Milk fat is mainly build form triglycerides (98.3%), which consist of a glycerol backbone with
three attached fatty acids. These fatty acids can have a chain length varying from 2 till 20 carbon
atoms and can have a degree of saturation varying from 0 to 4 double bounds. Other lipids that are
present include phospholipids (0.8%), sterols (0.32%), diglycerides (0.3%), free fatty acids (0.1%),
monoglycerides (0.03%), cerebrosides (0.16%), gangliosides (0.01%) and carotenoids (0.002%)
(Walstra, 2006). The fatty acids in milk arise from two sources: uptake from circulation (long chain
fatty acids), and de novo synthesis within the mammary epithelial cells (short chain fatty acids)
(Bauman & Griinari, 2003). These free fatty acids are esterified into to a glycerol backbone, forming
triacylglycerides. After synthesis, the triacylglycerides coalesce into fat droplets which are
transported towards the luminal membrane of the mammary epithelium cells. Here they are
engulfed by the membrane and expelled as milk fat globules into the milk (Bauman, Mather, Wall, &
Lock, 2006).

2.2.4 Milk protein
The average content of proteins in milk is 3.3 % (w/w). Caseins and serum proteins together form the
two main proteins classes from milk proteins, and account for approximately 80 and 20 % of the total
proteins respectively. Serum proteins are, as the name already suggest, present in the serum while
caseins form individual casein micelles. The milk protein composition as fraction of the total protein
content is showed in table 2.
Table 2: Milk protein composition (g/100g protein) (Walstra, 2006).
Protein
αS1-casein
β-casein
κ-casein
αS2-casein
β-lactoglobulin
α-lactalbumin
Other whey proteins
Miscellaneous
γ-casein

g/100g Protein
32.0
26.0
9.3
8.4
9.4
3.7
6.0
2.7
2.4
9

The majority of the milk proteins (95.6%) are formed in the epithelial cells of the mammary gland, via
a process of DNA transcription and RNA translation. Immunoglobulins, proteose peptone and
lactoferrin originate from blood and comprise the remaining 4.4% of total protein (Maas, France, &
McBride, 1997). After transcription and translation, the proteins are transported into the Golgi
apparatus. Here the proteins may undergo posttranslational modifications (PTM) which are further
discussed in section 2.3.2. (Maas et al., 1997; Osorio, Lohakare, & Bionaz, 2016). Proteins are then
transported in earlier mentioned vesicles budding from the inner Golgi membrane, together with the
lactose, towards the alveolor lumen to release their contents in the milk pool (Osorio et al., 2016).
Caseins and serum proteins will be discussed further in sections 2.3.1. and 2.3.2.

2.2.5. Milk minerals and salts
Minerals are less abundant, but very valuable components of milk, since they play an important role
in the stability of the proteins, and in their nutritional and organoleptic characteristics in milk and
milk products (Tsioulpas, Lewis, & Grandison, 2007). Minerals are present in both the milk serum as
well as in the casein micelles. They can occur in their free/ionic form (soluble phase) or associated as
salts (colloidal phase). Common examples are citrate and phosphate. The mineral composition of
milk is summarized in table 3.
Table 3: mineral composition of milk (Walstra, 2006)
Compound
Na+
+
K
Ca2+
Mg2+
-

Cl
CO32- (carbonate)
SO42- (sulphate)
PO43- (phosphate)
Citrate3-

Range (mmol/kg)
17-28
31-43
26-32
4-6
22-34
~2
~1
19-23
7-11

Average (mg/100g)
48
143
117
11
110
10
10
203
175

Fraction present in serum
095
0.94
0.32
0.66
1
~1?
1
0.53
0.92

The mineral content has a substantial influence on the technological properties of milk, since it
affects its susceptibility to renneting, fouling of heat exchangers, gelation and sedimentation. Hereby
the free divalent cations play a major role. Especially Ca2+, as they exist in the serum and can
significantly influence the surrounding environment of the negatively charged casein micelles, and
thus enhance or reduce the repelling forces between them (Tsioulpas, Lewis, et al., 2007). An
intrinsic factor which affects the amount of free calcium, is milk pH. A decrease in milk pH results in
an increase of free calcium (Tsioulpas, Lewis, et al., 2007). Free calcium ions positively affect curd
formation, as will be discussed in section 2.3.3.
Detailed studies on free calcium in milk samples at their natural pH are limited, since this is not an
simple operation due the sensibility of its equilibrium with calcium phosphate (Gaucheron, 2005). A
calcium selective electrode is these days commonly used to measure the amount of free calcium in
10

milk. However, this method is dependent on calibration solutions, which should mimic the pH and
ionic strength of fresh milk, and the stability of the electrode. This makes this method less feasible
since the Ca2+ activity is often underestimated (Gao, van Leeuwen, van Valenberg, & van Boekel,
2011).
Multiple studies have shown that the amount of free calcium is related to the stability of the milk
against ethanol. An elevated free calcium concentration is commonly accompanied by a low ethanol
stability (Tsioulpas, Lewis, et al., 2007). Therefore, ethanol stability testing can be used to estimate
and compare the free calcium concentrations among milk samples. Increasing the pH of the milk thus
will reduce the free calcium level and therefore increase ethanol stability as observed. In contrast,
decreasing the pH frees ionic calcium and leads to a decrease in ethanol stability.

2.3 Milk proteins
2.3.1 Serum proteins
Serum proteins (also called whey proteins) include eight different proteins which are dissolved in the
serum: β-lactoglobulin, α-lactalbumin, bovine serum albumin, proteose peptone (proteolytic
breakdown product of β-casein) and immunoglobulins (IgG1, IgG2, IgGA, IgGM). The two main serum
proteins in milk are β-lactoglobulin (51.6% of all serum proteins) and α-lactalbumin (19.5% of all
serum proteins), and they are produced in the epithelial cells of the mammary gland. Compared to
caseins, serum proteins are significantly smaller and have a globular structure. At their IEP they
remain in solution, but they are heat sensitive. Upon heating, the globular proteins denature and can
precipitate onto the casein micelles (Walstra, 2006). Serum proteins do not affect cheese making to a
large extent since they will be expelled in the whey upon curd formation. However, omitting of the
dry period may lead to an increase of immunoproteins, which are normally low abundant in regular
milk, but high in colostrum. This increase might affect the coagulation properties of milk close to
calving.

2.3.2 Caseins
Casein is a mixture of five different random coil proteins: αS1-casein, αS2-casein, β-casein, κ-casein
and γ-casein which constitute to approximately 80% of the total protein found in bovine milk. In
contradiction to the serum proteins, caseins are random coil proteins and are therefore less sensitive
for heating. However, caseins are not soluble in their isoelectric point and will precipitate at pH 4.6
(Walstra, 2006). The four major caseins, αS1-casein, αS2-casein, β-casein and κ-casein, together form
casein micelles. Hereof the κ-casein and αS2-casein are known to be the most hydrophilic, and βcasein the most hydrophobic (Walstra, 2006). In contradiction to the four major caseins, γ-casein is
not present in the micelle, nor formed in the epithelial cells of the mammary gland. γ-casein is
formed due to proteolytic breakdown of β-casein and it consists mostly of the hydrophobic portion
of β-casein (Walstra, 2006).
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Milk proteins exist in several genetic forms which means that they occur in two or more variants of
the primary structure, which thus are genetically determined. In most cases, two variants differ in
one amino acid residue which often results in different characteristics of that specific protein
(Walstra, 2006). These variants are indicated with letters; A, B, C etc. Because a genetic variant
depends on two alleles, an individual cow can produce either one or two types of the protein, which
can for example result in κ-casein AA (only genetic variant A is synthesized) or κ-casein AB (genetic
variants A and B are synthesized) (Walstra, 2006). There are currently 9 αS1-casein variants, 4 αS2-casein variants, 13 β-casein variants, 13 κ-casein variants, 3 α-lactalbumin variants and 11 βlactoglobulin variants that have been described (Vincent, Elkins, Condina, Ezernieks, & Rochfort,
2016). The B genetic variant of κ-casein is related to a higher κ-casein glycosylation degree and a
shorter rennet clotting time (Bonfatti, Chiarot, & Carnier, 2014).
The molar masses of the four major caseins are not very different from each other. However, their
amino acid sequences differ strongly, which results in different characteristics and posttranslational
modifications (PTM), which include disulphide-bound formations, phosphorylation and glycosylation.
Cysteine, serine and threonine are three of the twenty naturally occurring amino acids, and are
available for posttranslational modifications (Walstra, 2006).
αS1-casein, αS2-casein, β-casein and κ-casein differ in the amount of serine residues: 8-9, 10 - 14, 5
and 1 respectively (Vincent et al., 2016). To these serine residues a phosphate group can be bound
via an ester linkage (Jensen et al., 2012). Therefore the caseins do not only differ in the amount of
serine residues, but therefore also in their degree of phosphorylation. Because of the hydrophilicity
and strong calcium binding properties of these phosphate groups, the phosphorylated serine clusters
on the caseins are important for the physical and chemical properties of the micelles. The
phosphorylation degree is contributing to the stability against aggregation in the second phase of
rennet-induced coagulation (Jensen et al., 2012).
Besides serine, also the amount of cysteine residues differ among the four major caseins. αS2-casein
and κ-casein are the only caseins which contain cysteine, and they are therefore able to form
intermolecular disulphide bonds. Because of this, κ-casein occurs in milk as oligomers containing 5 to
11 monomers, with an average MW about 120 kDa (Walstra, 2006). Furthermore, κ-casein is the only
casein which owns threonine residues, which are located in the C-terminal in a hydrophilic region,
named GMP. These threonine residues are available for the attachment of carbohydrate groups
(Galactosamine, galactose or one or two N-acetyl neuraminic acid residues) via an esterified linkage.
Approximately two out of three κ-casein monomers occur in such a glycosylated form (Walstra,
2006).
The degree of phosphorylation and glycosylation of the caseins were both found to affect the
renneting properties of milk. Poorly coagulating and non-coagulating milk contained a lower fraction
of the least phosphorylated αS1-casein form, αS1-Casein 8P, relative to total αS1-casein, along with a
lower fraction of glycosylated κ-casein relative to total κ-casein (Jensen et al., 2012).
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2.3.3 Casein micelles
The casein micelles are relatively large aggregates of the four major caseins together with calcium
phosphate and small amounts of citrate. These casein aggregates are more or less spherical with a
relatively wide size distribution from less than 50 nm to greater than 500 nm, with an average
diameter of approximately 200 nm (Horne, 2003). Casein micelles are held together by a
combination of attractive hydrophobic interactions and repulsive electrostatic forces between casein
molecules (Walstra, 2006). In these casein micelles the αS- caseins and β-caseins are present in the
centre of the micelles, while κ-casein is located at the surface giving the micelles a net negative
charge and sterically stabilizing the micelles against aggregation (Walstra, 2006). However, the exact
internal structure of the casein micelle is still unknown. De Kruif et al. investigated the internal
structure of the casein micelle and compared the existing models. It was concluded that the
nanocluster model of Holt captures the main features of the casein micelle (de Kruif, Huppertz,
Urban, & Petukhov, 2012). Herein, phosphorylated groups, which are present on the caseins, serve as
binding sites for Ca2+. The negatively charged phosphorylated groups can therefore also cross link to
the positively charged calcium phosphate nanoclusters. The protein tails sticking out of the
nanoclusters associate with other proteins through a collection of weak interactions. This leads to
self-association of the multiple nanoclusters. Cooperativity or multiplicity of the weak interactions
leads to a stable casein micelle. κ-casein is thought to limit the process of self-association, leading to
stabilization of the native casein micelle (figure 3). The casein micelles are the basic building blocks of
the gel formed during rennet-induced coagulation of milk in the processing of cheese.

Figure 3: Schematic representation of Holt’s nanocluster model. The calcium phosphate
nanoclusters interact with phosphoseryl residues of the caseins.
Free calcium ions affect curd formation, due to their interaction with caseins, as described next. The
αS- and β-caseins in the casein micelle are phosphoproteins that have a number of phosphate groups
esterified to serine residues, due to PTM (described in 3.2.2.), which includes that they precipitate
with free calcium ions. However, κ-casein protects them from precipitation. When the Phe-Met bond
in κ-casein is hydrolysed, upon addition of the rennet enzyme chymosin, the protective function of
the κ-casein will be lost. As a result, the casein precipitates in the presence of calcium ions and this
increases curd formation (Walstra, 2006).
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2.4 The plasmin system
There are several types of proteases present in the bovine milk. These originate from microorganisms
or they are transferred from blood to the milk. Breed of the cow, parity, nutrition, stage of lactation
and disease conditions such as mastitis are all parameters which affect the protease concentrations
in milk (Nielsen, 2002). Plasmin occurs in milk together with its inactive precursor plasminogen, and
is the most significant protease contributing to total proteolytic activity in milk (Politis, Lachance,
Block, & Turner, 1989). Plasminogen activators and inhibitors are also present in milk and the
mammary gland, and are necessary to stimulate or inhibit the conversion of plasminogen to plasmin
(figure 4). Plasminogen activators can be subdivided into tissue type plasminogen activators (t-PA)
and urokinase-type plasminogen activators (u-PA). The u-PA’s are associated with somatic cells, and
t-PA’s are associated with mainly caseins (Nielsen, 2002). Plasmin is able to hydrolyse αs2-casein and
β-casein to the same extent, followed by αs1-casein at a lower rate. The κ-casein fraction as well as
the whey proteins are both not affected by the activity of plasmin. Plasmin cleaves proteins on the
carboxyl side of L-Lys and L-Arg residues, with a preference for L-Lys (Nielsen, 2002).

Figure 4: the plasmin system. (Nielsen, 2002)

Plasmin activity and, more generally, protease activity are known to positively correlate with mastitis
and somatic cells. (Koop et al., 2015). This increase is the result of a complex interaction between
somatic cells in milk, the pathogen, and the udder epithelium (Koop et al., 2015). Loss of membrane
integrity causes an increased permeability of the blood-milk barrier leading to direct influx of plasmin
and plasminogen activators in the milk (Politis et al., 1989).
When the fractions of the above mentioned caseins are significantly reduced due to the activity of
plasmin, the procesability of the milk is affected. Increased activities of plasmin and plasminogen
activators are associated with a decreased coagulation properties of milk because of proteolysis of
caseins by plasmin (Srinivasan & Lucey, 2002). Freezing milk at -20˚C was found to lower the plasmin
activity significantly (Koop et al., 2015).
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2.5 Compositional changes in late lactation milk (0 - 30 days dry period)
Stage of lactation is one of the most important physiological variables affecting milk composition.
Protein percentage (↑), protein composition (αS1-casein ↓ , αS2-casein ↑, κ-casein ↑ and β-casein ↓),
proteolytic activity (↑), calcium concentration (↑) and pH (↑) are known to change during late
lactation (R. de Vries et al., 2015; Ostersen et al., 1997; White & Davies, 1958), and might therefore
change upon shortening or omitting the dry period, since this extends late lactation. Compositional
changes in late lactation milk from cows with a shortened or omitted dry period will be discussed in
the following paragraphs.

2.5.1. κ-casein composition
According to de Vries at el. (2015), κ-casein is the most affected protein fraction in the milk when the
dry period was omitted. Between 6 and 2 weeks prepartum, the glycosylated κ-casein faction
increased from 7.8 to 12.0% and the nonglycosylated κ-casein fraction decreased from 6.2 to 3.7% (R.
de Vries et al., 2015). The milk composition of late lactation milk from cows which were managed for
either 15 of 18 months calving intervals, instead of the usual 12 months, was investigated by Maciel
and co-workers. Protein composition was determined in milk samples of 180 and 90 days before
calving. For both calving intervals it was observed that the fraction of both total k-casein (P < 0.05)
and glycosylated k-casein (P < 0.001) were increasing, when the days before calving were decreasing.
No significant effect of calving interval was found, indicating that days before calving were more
important compared to days in lactation (Maciel et al., 2016).
The effect of changes in casein composition in milk from cows with a 0-day dry period, on cheese
curd formation was also investigated by Siomone Rijlaarsdam within the Dairy group of Food Quality
and Design (BSc thesis). In this research elevated glycosylated κ-casein levels in milk of 0-day dry
cows were related to a smaller casein micelle size. Curd firming rate and curd firmness were found to
increase upon a decrease in casein micelle size. Furthermore, a positive correlation between the curd
firming rate and glycosylated κ-casein fraction was found. It was noted that milk yield decreased
while protein content increased upon omitting the dry period, which corresponds to literature (R. de
Vries et al., 2015; van Knegsel et al., 2014). Milk with increased protein levels showed also a higher
firming rate and curd firmness.

2.5.2 α S1 -casein and α S2 -casein composition
Shortening the dry period to 30 days led to a decrease of αS1-casein with 3.8%, accompanied by an
increase in of αS2-casein with 5.5% in postpartum milk, compared to cows with a 60-day dry period
(R. de Vries et al., 2015). Omitting the dry period led to an increase of αS2-casein (11%) and decrease
of αS1-casein (2.5%) in postpartum milk. Cows with a 0-d dry period had a higher αS2-casein fraction
(7.7%) than cows in the 30-d dry period group (6.9%; P = 0.02) in prepartum milk (R. de Vries et al.,
2015). The αS1-casein fraction was found to decrease from 30.0 to 29.6 % when the days before
calving were decreased from 180 to 90 days for both 15 and 18 months calving intervals (Maciel et
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al., 2016). Days before calving had no significant effect on the αS2-casein fraction or the degree of
phosphorylation of the αS-caseins. However, calving interval seemed to affect the αS2-casein fraction.
This fraction was increased from 3.4 % (15 months calving interval) to 3.7 % (18 months calving
interval) (Maciel et al., 2016). Milk with higher αS-casein fractions is related to improved coagulation
properties.

2.5.3. β-casein composition
Shortening or omitting the dry period was also found to affect the β-casein fraction. It was observed
that cows with an omitted dry period had a lower β-casein fraction of 32.2% in 6 weeks prepartum
milk, compared to cows with a 30-days dry period (34.5%; P = 0.01)(R. de Vries et al., 2015). Also
Maciel found a small decrease in β-casein in prepartum milk which was related to both days before
calving (from 33.5 to 33.2 %, P<0.1) and calving interval (from 34.1 to 32.6 %, P<0.01) (Maciel et al.,
2016).
The reduced β-casein fraction of cows with a 0-day dry period may be the effect of proteolytic
breakdown by plasmin. Previous research has shown that plasmin activity increases with increasing
lactation stage (Nicholas, Auldist, Molan, Stelwagen, & Prosser, 2002), and therefore possibly also by
lactation extension due to shortening or omitting the dry period.
The relation between dry period length and plasmin and plasminogen activity was further
investigated in a subsequent study of De Vries et al. (2016). Plasmin and plasminogen activity were
determined in milk from cows with a regular (60 days) and shortened (30 days) dry period. It was
found that plasminogen activity increased with 22% between 10 and 5 weeks prepartum, whereas no
change in plasmin activity was observed during the same period, upon shortening the dry period.
Furthermore, cows with a shortened dry period had 61% higher plasmin activity in postpartum milk
than cows with a regular dry period. This effect was higher for third or higher parity cows (Ruben de
Vries et al., 2016). In contrast to plasmin activity, dry period length did not affect the casein fractions,
although the αS1-casein fraction tended to be lower in milk of cows with a 30-days dry period (29.5%)
than in milk of cows with an 60-days dry period (30.1%) (Ruben de Vries et al.). Data for cows with a
0-days dry period are lacking, and would be helpful to complete the overview of the effect of dry
period induced changes in plasmin activity on processing characteristics of late lactation milk.

2.5.4. Calcium activity and pH
Also the calcium activity and pH are factors which are known to change upon late lactation, and they
affect the renneting properties of cheese milk. Moreover calcium activity and pH are related to each
other as described in section 2.2.5. Calcium activity is not measured in late lactation milk from cows
managed without a dry period. In late lactation milk of cows with a regular dry period an increase in
calcium activity was expected (Ostersen et al., 1997; White & Davies, 1958). Therefore, it is expected
that calcium activity in late lactation milk of continuous milked cows will increase, and that this will
positively affect the rate of curd formation, as described in section 2.3.3.
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pH has, besides calcium activity, also an influence on the action of milk clotting enzymes. Milk
clotting enzymes, also chymosin, can hydrolyse more bonds in casein than the Phe-Met bond in κCasein. At a lower pH the activity of the enzyme will increase and more breakdown products will be
formed. This activity is almost negligible for chymosin as long as the pH is higher than 6.4 (Walstra,
2016). Therefore it is of importance to maintain milk pH. Milk pH of colostrum is around ranging from
6.0 – 6.6 (Mcintyre, Parrish, & Fountaine, 1952; Tsioulpas, Grandison, & Lewis, 2007). Omitting of the
dry period results in milk very close to calving. Therefore pH of late lactation milk of continuous
milked cows may decrease to comparable values as colostrum, and this could result in increased
breakdown of casein.
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3. Materials and methods
3.1. Materials
3.1.1. Milk
In this study milk samples were collected from 7 Holstein-Friesian dairy cows at a dairy farm in
Geffen, The Netherlands. The dry period of these cows was omitted, and therefore the cows were
continuously milked. Same feed was provided ad libitum. The cows had approximately the same
expected calving date. Morning milk was collected every two weeks, 10 weeks in a row, starting on
the 23rd of March 2016 (milk of 10, 8, 6, 4, 2 weeks prepartum was obtained). The milk was collected
in plastic bottles and cooled immediately (4ºC) after milking. Depending on the milk production, 0.5 –
2 L of morning milk was collected from each cow per collecting session. Bulk milk, originating from
the milk tank, containing milk from all cows on the farm with calving dates all year round, was also
collected twice and serves as a comparison. Specific information about calving dates and genetics for
each cow can be found in Appendix I.

3.1.2. Chemicals
MilliQ water was used for diluting, solution preparation and rinsing purposes. This MilliQ water was
purified by a Purelab Ultra system (ELGA LabWater, Rossmark waterbehandeling B.V. Ede, The
Netherlands). Chemicals were obtained from Sigma-Aldrich (Sigma-Aldrich Inc., Stockholm, Sweden),
except where stated differently.

3.2. Methods
3.2.1. Sample preparation
Fat was separated from skimmed milk by centrifugation (1500*g, 15 minutes). The fat layer was
removed. Centrifugation and fat removal was performed in duplicate to maximize the removal of fat.
One fourth of the skimmed milk was used for cheese curd preparation with the help of CaCl2 (4.9 %
m/v ) and rennet (Leeuwarder kaasstremsel Ceska® Kalase 150, 150 IMCU/ml ± 10 %) addition. All
skimmed milk samples were stored at -20˚C until use. Skimmed milk samples were used for
determination of the protein composition, degree of glycosylation of kappa casein, the ethanol
stability, milk pH, IgG concentration, Somatic Cell Count, plasmin and plasminogen activity and the
amount of free amino groups.
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3.2.2. Protein composition and degree of glycosylation of κ-casein
Thawed milk samples were diluted with MilliQ water in a ratio of 1:1 (samples of approximately 4
weeks before calving) or 1:2 (samples of approximately 2 weeks before calving), to prevent damage
of the column due to the high protein content present in those samples. Sample solution 1 (0.1 M Bis
Tris buffer, 8 M Urea, 5.37 mM sodium citrate and 19.5 mM DTT) was prepared and adjusted to pH
7.0 with NaOH and HCl. 300 μL Diluted thawed skimmed milk was added to 900 μL sample solution 1
(1:3 ratio). Samples were mixed on a vortex mixer for 10 seconds and incubated for 1 hour at room
temperature. After incubation samples were centrifuged in the micro-centrifuge (16,000*g, 5
minutes). In case a fat layer was present, it was removed and the remaining solubilized sample (300
μL) was diluted with a second solution (900 μL), containing 6 M urea in 0.1% TriFluorAcetic acid in
MilliQ water with an adjusted pH of 2.0 (1:3 ratio). Prior to injection onto RP-HPLC column, samples
are filtered through 0.2 μm filters, by means of a 2 ml syringe, into HPLC vials. Eluents A (0.1% TFA in
MilliQ water), B (01% TFA in Acetonitrile) and C (MilliQ water : Acetonitrile, 50: 50) were prepared
and sonicated before use. Before running, the column (Aeris Widepore 3.6 μm XB-C18 RP,
Phenomenex) was inserted and HPLC apparatus settings were configured (sample temperature: 4ºC,
column temperature: 45ºC, flow rate of injection liquid: 0.25 ml/min, injection volume: 5 μL).
Chromeleon 7 software was used to analyse the peak profiles and determine the protein
composition and the glycosylation of kappa casein.

3.3.3. Plasmin and plasminogen activity determination
Milk samples were analysed for both plasmin activity and plasminogen activity by a method modified
from Rollema et al. (1983). Clearing buffer was prepared by dissolving 3.45 g of trishydroxy(methyl)aminomethane (C4H11NO3, SIGMA T-6791), 2.14 g of potassium chloride (KCl, Merck
4936), 1.88 g of 6-Aminocaproic acid (NH2(CH2)5COOH, Sigma A2504) and 26.57 g of EDTA
([CH2N(CH2COOH)CH3COONa]2.2H2O, BDH 10093) in 450 mL MilliQ water. The pH value of the
solution was adjusted to 7.4 using 5 M NaOH. Thereafter, the volume was adjusted to 500 mL by the
addition of MilliQ water, using a volumetric flask. After adjusting the volume, the pH was checked
again. The clearing solution was stored at 4ºC until use.
Skimmed milk was thawed. 0.25 mL milk was added to 1.75 mL of clearing buffer in a 2 ml Eppendorf
tube, and subsequently mixed with the help of a Vortex mixer for 10 seconds. The mixture was
incubated for 15 minutes at room temperature. During incubation plasmin and plasminogen were
dissociated from casein micelles. Subsequently, milk serum containing enzymatic activity was freed
of casein micelles by micro centrifugation at 16,000*g for 5 minutes. The middle layer, in between
the fat and precipitate (if present), was filtered through a 0.22 μm filter with the help of a 2 mL
syringe, into an Eppendorf tube. The filtrate is called the analytical sample. A substrate blank
solution, which serves as a control, was prepared by adding MilliQ water to the clearing buffer in a
1:7 ratio. 0.2 mL of each analytical sample and the substrate blank were pipetted into 2 wells of the
96-wells microtiter plate (Greiner). The plate filling steps were performed in duplicate, so 4 wells
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were filled per analytical sample and substrate blank. The 96-wells plate was incubated inside de
spectrophotometer for 5 minutes at 37ºC. 0.05 mL of substrate solution (2.5 mg/mL; Biophen CS41(03), Aniara, Westchester, OH) was added into two out of four wells. 0.05 mL of MilliQ water was
added into the other two wells, which served as blanks. The Plasmin activity was measured in the
milk samples after addition of the MilliQ water or substrate solution at 405 nm, every 30 seconds for
30 minutes by a multi-mode microplate reader (FLUOstar Omega, BMG Labtech, Ortenberg,
Germany) at 37°C. To activate the plasminogen, 10 μL of urokinase from human kidney cells solution
(5000 Plough/mL) was added to all wells. Again, the absorbance was measured (405 nm, every 30
seconds, up to 30 minutes, at 37°C).
The slope of each measurement (absorbance versus time curves) was calculated. Subsequently the
plasmin activity could be calculated with the help of the formula mentioned below:
𝑃𝑙𝑎𝑠𝑚𝑖𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = [(𝑆𝑙𝑜𝑝𝑒𝑠𝑎𝑚𝑝𝑙𝑒+𝑠𝑢𝑏 − 𝑆𝑙𝑜𝑝𝑒𝑠𝑎𝑚𝑝𝑙𝑒+𝑤 ) − (𝑆𝑙𝑜𝑝𝑒𝑆𝐵+𝑠𝑢𝑏 − 𝑆𝑙𝑜𝑝𝑒𝑆𝐵+𝑤 )] ∗ 10

4

In which:
Sub = Substrate solution;
W = MilliQ water;
SB = Substrate blank.
Plasminogen-derived activity is calculated as the difference between total activity (measured after
urokinase addition) and plasmin activity (measured before urokinase addition).
One unit of enzyme activity was defined as the amount of plasmin or urokinase-activated
plasminogen that produced a change of absorbance at 405 nm of 0.001 in 1 minute at pH 7.4 at 37°C
due to the formation of p-nitroanilide which is released from CS-41(03) substrate in the reaction
mixture.

3.3.4. Determination of IgG concentration
The Bovine IgG ELISA Quantitation Set (Cat. No. E10-118) was purchased at Bethyl Laboratories Inc.
Coating buffer (0.05 M Carbonate-Bicabonate, pH 9.6) was prepared. 1 μL of affinity purified Sheep –
anti-Bovine IgG-heavy chain coating antibody (A10-118A-12) was diluted to 100 μL coating buffer for
each well to be coated. Subsequently, 100 μL was added to each well. The coated wells were
incubated at room temperature for 60 minutes. After incubation, the antibody solution was
aspirated from each well and the plate was washed 5 times with washing solution (50 mM Tris, 0.15
M NaCl, 0.05% Tween 20, adjusted to pH 8.0) and blotted onto paper towels. After washing, 200 μL
of blocking Solution (50 mM Tris, 0.15 M NaCl, 0.05% Tween 20, adjusted to pH 8.0) was added to
each well and incubated for 30 minutes at room temperature. After incubation, the blocking solution
was removed, and plate was again washed five times with washing solution and blotted onto paper
towels.
Standards were prepared by diluting Bovine Reference Serum (RS10-103-5) with sample diluent (50
mM Tris, 0.15 M NaCl, 0.05% Tween 20, adjusted to pH 8.0) according to table 11 in Annex II. Milk
samples were diluted, based on expected concentration of the analyte, to fall within the
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concentration range of the standards, as showed in tables 12 and 13 in Annex II. 100 μL of standard
or sample was added to the assigned wells. After incubation of 60 minutes at room temperature, the
wells were again washed 5 times with washing solution and the plate was blotted on a paper towel.
Next, HRP Conjugated Sheep anti-Bovine IgG-heavy chain Detection Antibody (A10-118P-27) was
diluted with sample diluent (50 mM Tris, 0.15 M NaCl, 0.05% Tween 20, adjusted to pH 8.0) in a
1:150,000 ratio (v/v), and 100 μL of diluted HRP Conjugated Sheep anti-Bovine IgG-heavy chain
Detection Antibody was transferred to each well. The plate was incubated for 60 minutes at room
temperature. The diluted HRP Conjugated Sheep anti-Bovine IgG-heavy chain Detection Antibody
was removed and again the plate was washed 5 times as earlier described. Thereafter, 100 μL of
TMB Substrate Solution was added to each well, and the plate was incubated in a dark place for 15
minutes at room temperature. This resulted in an enzymatic colour reaction, of which the substrate
yielded a blue solution. After 15 minutes of incubation in the dark, the reaction was stopped by
addition of 100 μL ELISA stop solution (0.18 M H2SO4) to each well, after which the wells turned
yellow. The plate was gently tapped to mix its contents. The underside of the wells was wiped with a
lint-free tissue and subsequently the absorbance was measured at 450 nm with the help of an ELISA
plate reader (FLUOstar Omega, BMG Labtech, Ortenberg, Germany). The experiment was performed
in duplicate.
A standard curve was obtained by plotting the average absorbance values at 450 nm minus the blank
value obtained for each standard (Y axis), against the corresponding Bovine IgG concentration (X
axis). The concentration of Bovine IgG in the unknown samples was calculated with the help of the
standard curve formula. The formula of the standard curve was:
𝑌 = 𝑎𝑥 2 + 𝑏𝑥 + 𝑐
𝑐 can be determined for each dilution by subtracting 𝑌 since:
𝑎𝑥 2 + 𝑏𝑥 + 𝑐 − 𝑌 = 0
The discriminant was calculated as follows:
𝐷 = 𝑏 2 − 4𝑎𝑐
X (= Bovine IgG concentration per dilution) was obtained by substituting a, b and D in the belowmentioned formula:
𝑥=

−𝑏 ± √𝐷
2𝑎

The X-value for - √𝐷 turned out to be invalid, and the X-value for + √𝐷 was proven to be correct. To
obtain the final bovine IgG concentration in each diluted sample, X should be multiplied with the
dilution factor (dilution factors for each sample are shown in table 14, Annex II). The average of the
calculated IgG concentration of all dilutions, was assumed to be the final IgG concentration in the
sample.
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3.3.5. pH measurement
Skimmed milk was thawed and milk pH was measured with the help of a pH meter (PHenomenal
VWR, type pH1000L, Radnor, USA) linked to a PHenomenal 111 electrode. pH per milk sample was
measured at room temperature. Calibration was done with standard solutions of pH 4.01 and pH
7.00 (Thermo, Beverly, USA).

3.3.6. Somatic Cell Count
The milk samples were analysed by a milk quality research company named Qlip (located in
Zutphen). An online application was submitted in Q-portal. Q-portal is an platform where customers
can request their order.
20 ml of milk was thawed overnight in the fridge at 4ºC. The milk was transferred to 50 ml standing
Greiner tubes. The tubes were labelled with their corresponding barcode stickers. These barcode
stickers were further specified in Q-portal by reporting the cow, number of weeks before calving and
the attribute to investigate (SCC). The morning after overnight thawing, the milk samples were sent
in a refrigerated truck to the laboratory of Qlip B.V. (Zutphen). Here the samples were analysed for
their Somatic Cell Count. The results were reported back online via Q-portal (Annex III).

3.3.7. Ethanol stability
The ethanol stability was determined according to the method by Tsioulpas et al. (2007). Skimmed
milk was thawed overnight in de fridge at a temperature of 4ºC. The stability of the milk samples to
ethanol was determined by mixing equal volumes (2 ml) of milk and a range of ethanol solutions in
MilliQ water (ethanol percentage ranged from 16 to 100%, v/v, at 2% intervals) into Petri dishes. The
milk in the dishes was examined for the presence of clots. The experiment was performed at room
temperature. Depending upon the formation of clots, ethanol solutions of increasing or decreasing
concentration were used. The highest concentration of ethanol that did not cause coagulation was
defined as the ethanol stability.

3.3.8. Determination of free amino groups with OPA
The amount of free amino groups was determined with an OPA-based spectrophotometric assay,
giving a direct measurement of the proteolytic activity. Milk was thawed. 0.4mM, 0.8mM, 1.6mM,
3.2mM, 4.8mM and 6mM Leucine solutions were prepared with MilliQ and served as standards. The
OPA-reagent was prepared by dissolving 40 mg OPA (Sigma, P-0657) in 1 mL methanol, followed by
the addition of 25 mL 0.1 M Borax buffer, 200 mg DMA (Aldrich, D14.100-3) and 5 mL 10% SDS (w/v).
The volume was adjusted to 50 mL with MilliQ water. 300 μL of OPA reagent was added to each well.
Thereafter 5 μL of each standard or milk sample was added to the assigned wells and incubated for
10 minutes at room temperature. 3 wells only contained OPA reagent and served as blanks. The
absorbance was measured at 340 nm. Calibration curve had the formula y=ax, with x (absorbance)
and y (fee amino groups in mmol\L). Measurements were performed in triplicate.
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4. Results and discussion
4.1. Gross milk composition
The effect of omitting the dry period on compositional changes and renneting characteristics of late
lactation milk was already investigated within the FQD group at Wageningen University, by S.
Rijlaarsdam. Milk from 12 cows which were managed without a dry period was collected at
approximately 10, 8, 6, 4, and 2 weeks prepartum, based on their expected calving dates. With the
help of the real calving dates the real weeks before calving could be determined. These are shown in
table 10, Annex I. Based on the real weeks before calving, the milk samples were subdivided into 9
groups as indicated in table 4. The research was mainly focussed on compositional changes in milk
fat, protein and lactose and their influence on curd firming rate and firmness. The gross milk
composition per group of samples can be found in table 4.
Table 4: Milk yield, gross composition and standard deviations of the milk samples. Gross
composition was measured with the MilkoScan (FT120 type 71200 Foss Electric). Significance
of weeks from calving and milk yield on the protein, fat, lactose content and milk yield is given
is the last rows. Adapted from S. Rijlaarsdam.
Group

Weeks

N

Protein (%)

Fat (%)

Lactose (%)

Milk yield (L)

A
B

12.5 - 10 prepartum
10 - 8 prepartum

3
4

4.63 ± 0.47
4.34 ± 0.27

4.83 ± 0.36
4.82 ± 0.32

4.35 ± 0.14
4.52 ± 0.10

9.00 ± 1.41
10.83 ± 3.12

C

8 -6 prepartum

6

4.57 ± 0.34

4.94 ± 0.81

4.48 ± 0.13

8.67 ± 1.95

D

6 - 4 prepartum

5

4.74 ± 0.33

5.11 ± 0.47

4.67 ± 0.34

7.50 ± 3.44

E

4 - 2 prepartum

6

5.67 ± 0.69

5.35 ± 0.85

4.23 ± 0.23

5.07 ± 2.76

F

2 - 1 prepartum

3

7.51 ± 1.60

4.19 ± 0.96

3.15 ± 0.27

1.33 ± 1.18

G

1 - 0 prepartum

7

6.71 ± 1.79

4.41 ± 1.26

3.41 ± 1.48

5.51 ± 3.28

H

0 - 1 postpartum

1

5.26 ± 0.00

5.31 ± 0.00

4.78 ± 0.00

7.00 ± 0.00

I

Bulk milk

-

3.70 ± 0.00

4.10 ± 0.10

4.60 ± 0.02

-

0.000**
0.001**

0.846
0.547

0.000**
0.051#

0.002**

Significance (Milk yield)
Significance (weeks)2

1

#

Correlation follows a trend at the 0.1 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)
1
Pearson correlation in SPSS
2
One way Anova in SPSS

Table 4 shows remarkable results considering the protein, fat and lactose composition and milk yield
of the groups. In particular with respect to the protein and lactose content of the samples and the
milk yield per milking. The milk yield was found to decrease when the calving date was approached
(P<0.01). The protein fraction increased the closer to calving (P<0.01) and with a decrease in milk
yield (P<0.01), while the fraction of lactose decreased closer to calving (P<0.1) and with decrease in
milk yield (P<0.01). The protein content of the milk in groups E, F, G and H is exceptionally high.
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Especially milk from 2 weeks prepartum till parturition contained a high protein content, compared
to the protein range which is normally found in milk (2.3 – 4.4 %) (Walstra, 2006). The highest
amount of protein was found in milk from cow 60, at 0.7 weeks prepartum. This milk sample had a
protein content of 10.13%. The origin of such high fractions will be further discussed in section 4.3.
The decrease in lactose content is accompanied by a decrease in milk yield. Lactose is synthesized in
the mammary secretory cells and is the is the main osmotic constituent in milk. This includes that
mainly lactose determines how much water is transported from the blood to the milk. However,
during late lactation and colostrogenesis, the milk-blood barrier is not fully functional and this can
lead to leakage of minerals from the blood into the milk (Wall, Gross, Kessler, Villez, & Bruckmaier,
2015). These minerals are also responsible for the drainage of water into the udder, due to the
osmotic pressure, to reach an osmolality comparable to the blood. Thereby, this results in a lower
lactose content, since less lactose is needed to reach the same milk volume. Milk yield was found to
decrease in late lactation, which is often observed (Walstra, 2006), and can be attributed to cell
renewal (section 4.4). Besides, milk yield is also known to decrease in the occurrence of mastitis
(Auldist et al., 1995). In groups F, G and H higher levels of somatic cells were present, which are used
as an indicator for mastitis. This is further discussed in section 4.4.
Moreover, it should be mentioned that the standard deviations for all components are larger in the
weeks closer to calving, indicating enlarged compositional variation among cows close to parturition.
This large degree in variation is also noted in the coagulation properties of the milk samples, and will
be further discussed in the next section.

4.2. Coagulation properties
Curds were formed from the obtained late lactation milks, and curd firming rate and curd firmness
were determined with the help of a rheometer. Both were plotted against time in weeks before
calving. Results are shown in figures 5 an 6. These figures were adapted from S. Rijlaarsdam.
Remarkable are the differences among cows between approximately 7, 3 and 1 weeks prepartum.
Milk samples from 7 weeks prepartum showed considerable less variation compared to 3 and 1
weeks perpartum, just like reported in section 4.1 for the gross milk composition. In the period from
7 to 3 weeks prepartum an increase in both curd firming rate and curd firmness was found. This
increase can be attributed to increase in protein content and casein content, as further discussed in
section 4.3. At 3 weeks prepartum a turning point can be observed. From 3 weeks on some cows
showed a steep decrease in curd firming rate accompanied by a decrease in curd firmness, while for
other cows a further upward trend was noticed. If present, the position of the turning point varies
somewhat per cow and this trend continues till parturition. Despite the decrease in curd firming rate
and curd firmness, curd properties of most cows were still similar or even improved compared to the
bulk milk. Cow 60 and cow 70 are an exception to this rule during the last week before calving. These
samples were defined as non-coagulating milks one week prepartum.
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Figure 5: Curd firming rate as function of weeks before calving. Curds were formed by rennet
induced coagulation. Curd firming rate was measured with the help of a rheometer.
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Figure 6: Curd firmness as function of weeks before calving. Curds were formed by rennet
induced coagulation. Curd firmness was measured with the help of a rheometer.
During this thesis, the protein composition, proteolytic activity, somatic cell count, ethanol stability
and milk pH were measured in the late lactation milks of continuous milked cows. Results of these
measurements will be discussed in sections 4.3, 4.4 and 4.5. Combination of these results with the
prior data of S. Rijlaarsdam might explain the variation in renneting properties of these milks close to
calving.
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4.3. Protein composition
Section 4.2 showed a high variation in renneting properties among the milk samples close to calving.
Therefore, the protein composition was measured with HPLC in the bulk milk and milk samples close
to calving, originating from 25/4/2016 (cow 57 only), 9/5/2016 and 23/5/2016. This resulted in 5, 3
and 7 samples for 4 to 2 (group E), 2 to 1 (group F) and 1 to 0 (group G) weeks prepartum
respectively, and 2 samples for 0 to 1 (group H) weeks postpartum. The average protein composition
per group is shown is table 5.
Table 5: Average protein composition and standard deviations depending on the weeks from
calving. The significance of the weeks from calving on each specific protein fraction is shown in
the last column.
Group (Weeks)

Significance

2

I Bulk

E (-4-2)

F (-2-1)

G (-1-0 )

H (+0-1)

Group (weeks)

κ-CN (%)

11.9±0.0

15.2±1.6

13.5±2.3

20.6±2.7

15.88±1.8

0.001**

κ-CN (area)

27.7±0.0

50.8±9.6

45.2±5.6

70.3±12.1

47.9±8.8

0.002**

G-κ-CN (%)

4.5±0.0

12.1±2.5

10.0±1.6

17.7±3.0

12.6±3.1

0.001**

G-κ-CN (area)

10.4±0.0

41.1±11.9

33.5±3.9

60.9±13.3

38.3±12.0

0.002**

αS1-CN (%)

28.5±0.0

27.0±0.9

26.3±1.0

25.2±1.8

26.9±1.4

0.124

αS1-CN (area)

66.4±0.0

90.1±11.1

88.8±4.5

86.6±15.1

80.2±1.4

0.273

αS2-CN (%)

13.1±0.0

11.6±1.1

12.1±1.5

8.6±2.5

14.9±3.6

0.032*

αS2-CN (area)

30.5±0.0

38.5±4.0

41.1±6.6

30.0±11.6

43.8±7.9

0.261

β-CN (%)

31.2±0.0

29.3±0.7

30.5±1.0

32.2±2.5

29.6±2.8

0.245

β-CN (area)

72.8±0.0

97.9±12.8

102.8±5.3

109.9±15.0

89.2±14.5

0.059

α-lac (%)

7.8±0.0

9.4±1.1

8.2±0.9

5.6±2.0

6.1±0.2

0.013*

α-lac(area)

18.2±0.0

31.0±2.5

27.8±4.1

18.7±5.4

18.2±0.7

0.002**

β-LG (%)

7.6±0.0

7.4±1.6

9.4±1.7

7.9±7.9

6.7±0.6

0.317

β-LG (area)

17.7±0.0

24.9±6.6

31.7±6.6

26.8±4.5

20.3±3.1

0.140

Total protein (area)

233.2±0.0

333.3±39.0

337.4±15.4

342.2±46.6

299.6±20.6

0.056

#

#

1

κ-CN: total κ-casein. G-κ-CN: glycosylated κ-casein. αS1-CN: αS1-casein. αS2-CN: αS2-casein. β-CN: βcasein. α-lac: α-lactalbumin. β-LG: β-lactoglobulin
2
One way Anova ( groups E, F, G, H, I) in SPSS
#
Correlation follows a trend at the 0.1 level (2-tailed)
* Correlation is significant at the 0.05 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)
Values for protein fractions in regular milk were already given in table 2, section 2.2.4. When the bulk
milk is compared to data from table 2, all fractions are somewhat deviating. κ-casein (2.9% higher),
αS1-casein (3.5% lower), αS2-casein (5.1% higher), β-casein (5,2% higher), α-lactalbumin (3.8% higher)
and β-lactoglobulin (2.4% lower) fractions were all somewhat different from normal milk. Overall,
the ratio’s between the proteins seem to be reasonably normal. However, the α-lactalbumin/βlactoglobulin ratio is rather high. According to table 2 the β-lactoglobulin fraction is commonly twice
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as large as the α-lactalbumin fraction. In the bulk milk these fractions were found to be rather similar
to each other. The same is true for the αS1-casein/αS2-casein ratio. Normally, the αS1-casein fraction is
four times as high compared to the αS2-casein fraction. In the bulk milk the αS1-casein fraction was
only slightly more than double the fraction of αS2-casein. Several causes might explain these
deviations. First, other whey proteins (BSA, IgG), miscellaneous and γ-casein were included in table 2,
but not detected separately in the HPLC chromatograms. In case that these other proteins co-eluted
with the measured fractions in the bulk milk, this might explain the somewhat higher fractions found
for the bulk milk. The co-elution of γ-casein with β-casein is a good example. Furthermore, the
composition of the bulk milk was only measured in one sample originating form one day in spring,
and small protein compositional deviations from normal milk are therefore expected. Moreover, the
bulk milk is originating from a farm where cows are managed without dry period. Table 5 already
showed that the milk composition in late lactation milk is affected by omission of the dry period.
Therefore, the bulk milk composition might also be affected depending on the number of cows which
were at that time point in extended late lactation. Lastly, the method used to measure the protein
composition in table 2 was not mentioned by Walstra. Usage of different methods might result in
systematic bias. Upon repetition of the measurements, the HPLC technique showed few variability in
its results, indicating high reliability when comparing the ratio’s between individual fractions.
When groups E to I are compared to each other, it can observed that the total κ-casein (P<0.01),
glycosylated κ-casein (P<0.01), αS2-casein (P<0.05) and α-lactalbumin (P<0.05) percentages were
significantly affected by the weeks from calving. The κ-casein and glycosylated κ-casein fractions
were both increasing when the calving date was approached, while the fractions of αS2-casein and αlactalbumin were decreasing. The glycosylated κ-casein fractions were higher for cows with genetic
variant AB compared to AA. Furthermore the total area, which represents the total amount of
protein which was detected by the HPLC apparatus, was increasing when the weeks before calving
were decreasing (P<0.1). This corresponds to the higher protein content of the milk close to calving,
as discussed in section 4.1 Just as for the gross milk composition and the renneting properties
(section 4.1 and 4.2), the standard deviations for protein composition were also increasing close to
calving.
Differences in significance of the correlation between weeks before calving and the amounts of
proteins differ for protein amount expressed in percentage, and protein amount expressed in area
(mAU). When observing the area instead of percentages, the significant effect of weeks on the αS2casein fraction was no longer observed. However, a new trend was also found; the area of β-casein
seems to increase with decreasing weeks before calving. When working with the absolute values
(=area), the total amount of proteins increase (=total area) when the amount of one protein
increases. An increase in area of one fraction, does not result in a decrease in area of another
fraction. On the other hand, when working with relative values (=percentages), the total amount of
proteins remains 100%. An increase in one fraction then has to be accompanied by a decrease of
another fraction. Working with percentages makes it more easy to compare the individual fractions.
The increase in one fraction should also be accompanied by an increase in area. If not, the increase of
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the fraction may be the result of a decrease of another fraction. One should therefore be careful to
make statements when working with percentages. The absolute values can therefore be used as a
control measure.
The increase in both the total κ-casein and glycosylated κ-casein fraction can be expected, since the
milk protein degrading enzyme plasmin is only able to hydrolyse the αS- and β-caseins. Elevated
activities of this enzyme are measured close to calving, as shown in table 11 in section 4.4. Reduction
of the αS- and β-casein fractions may indirectly result in the increase of the κ-casein fractions. Also an
increase in area was found for κ-casein, which could indicate the O- and N-glycosylation of κ-casein.
This will be further discussed in section 4.4. A decrease in the αS- and β-caseins fractions is therefore
expected along with the elevated plasmin activities close to parturition. According to table 5, the αS2casein fraction was indeed significantly decreased when calving approached. Also the αS1-casein
fraction shows a decreasing trend. However, this relation was not found to be significant. Beyond the
expectation, the β-casein fraction seems to increase upon extending late lactation. Plasmin is able to
hydrolyse αs2-casein and β-casein to the same extent, followed by αs1-casein at a lower rate (Nielsen,
2002). However, the observed increase was not significant. It has been shown that degradation
products of β-casein co-elute in a HPLC profile with the β-casein peak, this gives an overestimation of
the intact β-casein in milk and might explain the absence of a decreasing trend (Rauh et al., 2014).
Regarding the κ-casein fractions, similar results were found in literature, as described in section 2.5.
Both De Vries and Maciel found elevated levels of κ-casein as well as glycosylated κ-casein upon
extension of late lactation in pre and postpartum milk. With regard to the αS2-casein fraction, De
Vries found a small increase (postpartum), while the αS2-casein fraction was only affected (↑,
prepartum) by the length of the lactation cycle, and not by days before calving in the research of
Maciel. The αS2-casein fraction was increasing when the plasmin activity was increasing, and
therefore unexpected (De Vries et al., 2016). De Vries attributes this increase to working with casein
fractions. The αS1-casein as well as the β-casein fraction were decreasing upon extension of late
lactation in both studies. In this research a high κ-casein fraction of 20.6 ± 2.7 % was found at 0 – 1
weeks prepartum, of which 17.3±3.0 % was present in the glycosylated form (Annex IV). These values
are higher compared to the findings of De Vries and Maciel. The samples in this research were closer
to calving, and this indicates that κ-casein and glycosylated κ-casein increase further, as cows come
closer to parturition.
The protein content of the milk samples was measured with the Milkoscan, as well as with HPLC, by
S. Rijlaarsdam. For the milk samples close to calving (± 2 and 4 weeks prepartum), the protein
content measured with the Milkoscan and the total area integrated on the HPLC chromatograms
were not corresponding to each other. The high protein contents measured with the Milkoscan,
should have been accompanied by a higher total area. It is hypothesized that immunoglobulins could
be present in these samples, which could not be separated by the column. The cow might synthesize
these immunoglobulins as preparation for the birth of her calf. An increase in these proteins is
associated with an increase in viscosity, and thereby help in explaining the worse renneting
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properties for some specific samples, as shown in section 4.2. In regular milk the concentration of
Immunogobulin G, the main immunoprotein, ranges from 0.5 to 7.5 mg/mL. In colostrum a much
larger IgG concentration of 34 to 80 mg/mL can be found (Bethyl laboratories, 2016). The IgG
concentration in the milk samples from 9/5/2016 and 23/5/2016 (± 2 and 4 weeks prepartum) were
measured by performing ELISA. The results are shown in figure 7.

Bulk
Cow 70 (-0.4 wk)
Cow 37 (-0.7 wk)
Cow 36 (-0.7 wk)
Cow 23 (-0.3 wk)
Cow 7 (-0.7 wk)
Cow 126 (-3.3 wk)
Cow 126 (-5.3 wk)
Cow 60 (-0.7 wk)
Cow 60 (-2.7 wk)
Cow 57 (+0.1 wk)
Cow 47 (+0.3 wk)
Cow 47 (-1.7 wk)
Cow 34 (-1.1 wk)
Cow 34 (-3.1 wk)
Cow 31 (-0.7 wk)
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Cow 4 (-1.4 wk)
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Figure 7: IgG concentration in the milk samples originating from 9/5/2016 and 23/5/2016. The
concentration was determined by performing ELISA.
The bulk milk has an IgG concentration of 0.53 mg/mL, which is in line with literature (Bethyl
laboratories, 2016). When all milk samples are compared to the bulk milk, one can conclude that the
IgG concentration is increasing when calving is approached. However, large differences among cows
were again observed, just as for the gross milk composition, protein composition and renneting
properties. Remarkable are the lower values for cows 7, 23, 36 and 37. Despite that they are all less
than one week before calving, lower concentrations of IgG are found in these milks compared to
cows which are further from calving. A high IgG concentration in the milk was correlated with low
milk amount per milking (P<0.01) and a high somatic cell count (P<0.01), and not correlated with
weeks before calving (P=0.298). Cows 7, 23, 36 and 37 had a relatively high milk yield (~9L) compared
to high IgG cows, e.g. cow 4 and cow 60 (~0.5L). When IgG was expressed in grams per milking
(concentration x milk amount per milking, if known), it can be noticed that the difference in IgG
between cows 7, 23, 36 and 37 and the other cows indeed becomes smaller (figure 8). However,
large differences among individual cows are still present, and the ratios between the individual cows
are remarkably changed. In figure 7, cow 4 seemed to be a high IgG producing cow, while in figure 8
its IgG content is just average, due to its low milk yield. When one way anova in SPSS was used to
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investigate the link between weeks before calving and grams of IgG per milking, a relation was found;
the total amount of IgG produced by the cow increased the closer to calving (P<0.01), while P was
0.298 based on the IgG concentration. Thus, upon approaching parturition the IgG yield increases,
but the increase in IgG concentration depends on the milk yield, and was therefore not found to be
significant. Normally, the immunoglobulins concentration is highest at the first milking postpartum
and decreases rapidly thereafter (Maunsell et al., 1998). Lactation number, breed of the cow and
length of the dry period influence both the volume and immunoglobulins concentration of colostrum
(Maunsell et al., 1998). Rastani and coworkers investigated the effect of dry period length on protein
and IgG concentration of colostrum. Protein percentages of the colostrum from cows on the normal
and shortened dry period were found to be similar (12.58 and 12.38%, respectively). However, the
protein percentage in colostrum was lower for cows with a 0-day dry period compared with cows
with a shortened 28-day dry period (9.54 and 12.83%, respectively; P < 0.01). This reflected a
decrease in colostral IgG concentration from cows with a 0-day dry period compared with cows with
a 28-day dry period (49.8 and 77.9 g/L; P < 0.01) (Rastani et al., 2005). Figure 7 shows even lower
colostral concentrations for cows 57 and 47 ( 1 and 2 days postpartum respectively) with a 0-day dry
period. This values could be lower due to differences in milk yield compared to the cows in the
research from Rastani and coworkers. Milk yield for cow 47 was 7 L, while the average amount of
colostrum at first milking, 3 hours postpartum, is normally around 2 – 3 L (Maunsell et al., 1998).
Furthermore, the IgG yield (grams) for persistent infected glands was found to be 175 ± 98 gram, and
208 ± 115 gram for uninfected glands, 3 hours after parturition (Maunsell et al., 1998). The total
amount of IgG of cow 47 (249 gram) is thus in line with literature, and indicates that differences in
milk yield resulted in the lower IgG concentrations. Also, prepartum milking could be a reason for a
lower colostral IgG concentration (figure 7) compared to the colostral IgG concentration for cows
with a regular dry period, since milk secretion is distributed over more days. The same amount of IgG
is secreted in several milkings, resulting in a lower colostrum secretion at the day of calving for
continuously milked cows (Maunsell et al., 1998).
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Cow 60 (-2.7 wk)
Cow 47 (+0.3 wk)
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After production, IgG is actively transported across the mammary epithelial cells and concentrated
into colostrum. Damaged epithelial cells or altered cell function caused by infections, which are
indicated by high somatic cell counts, might reduce IgG transport and result in a low IgG
concentration or total mass of IgG in infected glands (Maunsell et al., 1998). Besides, colostrum is
known to contain very high levels of somatic cells, regardless of the infection status of the mammary
gland, and this slowly decreases in the weeks after calving (Wall et al., 2015). Cows 4, 31, 47 and 60
had high SSC (figure 10), and are therefore expected to have lower IgG concentrations. However, the
occurrence of a high SCC seems not to affect the active transport of IgG to the milk, and therefore it
is thought that paracellular transport of somatic cells, due to leakage of the milk-blood barrier,
caused the elevated levels of SCC, instead of an infection.
As earlier discussed, IgG was not separated by the HPLC column, and therefore the proteins fractions
measured with HPLC are overestimated. The amount of IgG determines the overestimation, and this
therefore variates per cow. Furthermore, the protein content of the milk was increasing upon
approaching parturition (P<0.01), when the dry period was omitted. When the relation between IgG
concentration and protein fractions with the total protein content measured by the Milkoscan
(including IgG) was investigated, a significant correlation was found for the IgG concentration
(P<0.01) (table 6). The IgG concentration increased 23 – 139 times compared with the bulk milk,
while the other protein fractions show a much lower increase. For example, κ-casein increases
approximately 5.5 times, compared to the bulk milk in the most severe case. This indicates that the
protein content in the milk was mainly increasing closer to calving, due to the major increase in
immunoglobulin G. Of course, the lower milk yield also contributes to the higher protein content,
due to the dilution factor (P = 0.000). Also relations were found between αS1-casein (P<0.1), αS2casein (P<0.05) and β-casein (P<0.1) fractions and the total protein content. These may be related to
the activity of plasmin, which will be further discussed in section 4.4.
Table 6: Relation between protein fractions and the increase in total protein (Pearson
correlation).
Significance (protein %)
% κ-casein
0.227
% glycosylated κ-casein
0.108
% αS1-casein
0.078#
% αS2-casein
0.018*
% β-casein
0.074#
% α-lactalbumin
0.951
% β-lactoglobulin
0.838
IgG concentration (mg/mL)
0.001**
Milk yield (L)
0.000**
#
Correlation follows a trend at the 0.1 level (2-tailed)
* Correlation is significant at the 0.05 level (2-tailed)

r
0.310
0.404
-0.439
-0.564
0.445
-0.016
0.053
0.747
-0.760
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The results in paragraphs 4.1 and 4.3 provide a clear overview of compositional changes in milk upon
omitting the dry period. As showed in paragraph 4.2, large variation was found for coagulation
properties among cows. Most milks from continuous milked cows showed improvements in curd
firming rate and curd firmness compared to the bulk milk. However, the milks from cow 60 and 70
were defined as non-coagulating. The relation between the aforementioned compositional changes
and curd formation are shown in table 7. The table shows that most of the listed parameters are not
related to curd firming rate significantly, except for curd firmness (P<0.01) and the IgG concertation
(P<0.1). It is hypothesized that an increase in IgG comes along with an increase in viscosity. Then, it
becomes harder for the casein micelles, when the stabilising κ-casein is cleaved by chymosin, to
approach each other. This could slow down the curd formation rate. Besides, there are some
significant relations between curd firmness and the αs (P<0.1) and β-caseins (P<0.05). The relation
with αs-caseins is expected since caseins form the basis of cheese curds, while the whey proteins are
expelled in the whey. High amounts of these caseins are related to a higher curd firmness (Bonfatti,
Chiarot, & Carnier, 2014).
Table 7: The relation between the protein compositional changes and curd firming rate and
curd firmness (Pearson correlation).
Significance (r)
Curd firming rate
κ-casein (%)
0.503 (0.175)
glycosylated κ-casein (%)
0.351 (0.241)
αS1-casein (%)
0.420 (0.209)
αS2-casein (%)
0.663 (0.114)
β-casein (%)
0.128 (-0.384)
α-lactalbumin (%)
0.302 (-0.266)
β-lactoglobulin (%)
0.669 (0.112)
Total protein content (%)
0.322 (-0.255)
IgG concentration (mg/mL)
0.053 (-0.491)#
Casein micelle size
0.709 (-0.094)
Genetic variant κ-casein
0.238 (-0.293)
Parity
0.318 (-0.250)
Curd firming rate
Curd firmness
0.000 (0.825)**
#
Correlation follows a trend at the 0.1 level (2-tailed)
* Correlation is significant at the 0.05 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)

Curd firmness
0.333 (-0.250)
0.640 (-0.122)
0.05 (0.482)#
0.097 (0.416)#
0.019 (-0.560)*
0.652 (0.118)
0.829 (0.057)
0.231 (-0.307)
0.109 (-0.416)
0.538 (0.155)
0.373 (-0.224)
0.363 (-0.228)
0.000 (0.825)**
-

A common theory, which is not confirmed in table 7, is the positive effect of high glycosylation of κcasein on curd firming rate and firmness (R. de Vries et al., 2015; O'Connell & Fox, 2000). A high total
κ-casein fraction as well as high degree of glycosylation of κ-casein were found to correlate with
smaller casein micelles (Bijl, de Vries, van Valenberg, Huppertz, & Van Hooijdonk, 2014). And small
casein micelles are associated with good coagulation properties (Delacroixbuchet, Lefier, &
Nuytspetit, 1993; Logan et al., 2015), and therefore a high glycosylation degree could positively affect
cheese making. Non-coagulating milk from cows 60 and 70 were low in αs1-caseins (24.48 and 21.44%
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respectively) and αs2-caseins (3.90 and 7.35% respectively), and high in β-caseins (35.96 and 33.63%
respectively) and glycosylated k-casein (20.12 and 22.53% respectively) compared to the average
values at 0-1 weeks prepartum (25.2% for αs1-casein, 8.6% for αs2-casein, 32.2% for β-casein, 17.7%
for glycosylated k-casein) (Figures 9A, 9C and Annex V). This remarkable protein composition resulted
is small casein micelles (127 and 140 nm respectively), compared to the average casein micelle size
(163 nm)(Figure 9E). One would therefore expect superior coagulation properties for this milk.
However, despite their high glycosylation degree and small micelle size, no curds were formed.
Furthermore, no significant correlation was found between the degree of glycosylation and curd
firming rate and curd firmness (P=0.351 and P=640 respectively) (table 7). However, when these two
data points are left out, correlations were found for the degree of glycosylation (positive) and casein
micelle size (negative), with curd firming rate and firmness (figures 9B, 9D and 9F).
A hypothesis which might explain the non-coagulating behaviour of cow 60 and 70 will be discussed
below.
S. Rijlaarsdam measured curd firming rate and firmness during a 30-minutes time interval. 30
Minutes might be too short to induce curd formation. The enzymatic phase might takes a long time
because of the high κ-casein to chymosin ratio, bearing in mind that coagulation does not occur until
85% of the κ-casein has been hydrolysed (Bonfatti et al., 2014). Moreover, Jensen and co-workers
found that all the identified glycosylated CMP (GMP) isoforms were slower released compared with
that of nonglycosylated CMP by the chymosin-induced cleavage of κ-casein. Chymosin cleaves κcasein between amino acid 105 and 106 (Phe-Met bond). Glycation occurs at the Thr residues, which
are quite closely located to the Phe-Met bond (closest Thr positions: 93, 94, 121, 124) (Annex VI). The
presence of these glycans might hinder the access of chymosin to the cleavage site (Jensen et al.,
2012), and thereby decrease curd firming rate. Moreover, Serine is present at position 104 in the
amino acid sequence, right next to the Phe-Met bond (Annex VI). Phosphor groups can attach to
these Serine residues and might therefore also hinder chymosin. Thus, the extreme high
glycosylation degree of κ-casein for cow 60 an 70 might have a negatively influence the reaction rate
of chymosin-induced hydrolysis of κ-Casein (Jensen et al., 2015), and may thereby retard curd firming
rate. Furthermore, the milks of these cows were also high in IgG, which enhances the viscosity. So,
when 85% of the κ-casein has finally been hydrolysed, curd firming rate is further slowed down by
the presence of IgG.
Proteolytic activity, pH, SCC and ethanol stability were also affected upon omission of the dry period
and might further contribute to renneting properties. These results are discussed in sections 4.4. and
4.5.

33

glycosylated K-casein (%)

glycosylated K-casein (%)

25
20
15
10
5
0
0

50,000

100,000

25
20
15
10
5
0

150,000

0

50,000

Curd firming rate (Pa/min)

100,000

Curd firming rate (Pa/min)

9A

9B
20

20
15
10
5
0
0

300,000

600,000

900,000

Curd firmness (Pa)

glycosylated K-casein (%)

glycosylated K-casein (%)

25

15
10
5
0
0

300,000

180

180
Micelle size (nm)

200

160
140
120
100
300,000

600,000

Curd firmness (Pa)

9E

900,000

9D

200

0

600,000

Curd firmness (Pa)

9C

Micelle size (nm)

150,000

900,000

160
140
120
100
0

300,000

600,000

900,000

Curd firmness (Pa)

9F

Figure 9: 9A: Relation between glycosylated k-casein and curd firming rate. 9B: Relation
between glycosylated k-casein and curd firming rate without cow 60 and 70 (Indicated as red
squares). 9C: Relation between glycosylated k-casein and curd firmness. 9D: Relation between
glycosylated k-casein and curd firmness without cow 60 and 70 (indicated as red squares). 9E:
Relation between casein micelle size and curd firmness. 9F: Relation between casein micelle
size and curd firmness without cow 60 and 70 (indicated as red squares).
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4.4. Proteolytic activity
Inflammation of the mammary gland easily develops in a response to the infection and can lead to
severe damage to the milk secretory tissue of the udder, resulting in a reduction in milk production
and affects milk appearance, milk composition and somatic cell count (SCC). (Ruegg & Pantoja, 2013;
Zhang, Boeren, van Hooijdonk, Vervoort, & Hettinga, 2015). SCC values can therefore be used to
identify subclinical mastitis (Ruegg & Pantoja, 2013). Compositional changes, due to inflammation of
the udder, could thereby also affect milk renneting properties. Somatic cell count was measured in
the samples close to calving and the bulk milk. Results are shown in figure 10.
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Figure 10: somatic cell count measured in the milk samples of individual cows close to calving.
Despite a healthy quarter normally remains below 100,000 somatic cells/mL, a threshold of <200,000
cells per mL is usually considered to be the most practical value for defining a mammary quarter as
healthy (Ruegg & Pantoja, 2013). Figure 10 shows that the bulk milk would pass the test and could be
safely used for further processing. However, multiple cows exceed the limit of 200,000 cells,
indicating inflammation of the udder. Especially cows 4, 31, 47 and 60 show highly elevated levels of
somatic cells ranging from 2,880,000 to 4,844,000 cells. According to Walstra, values around
3,000,000 cells/mL indicate severe mastitis (Walstra, 2006). However, high levels of somatic cells are
not always caused by mastitis. Colostrum is known to contain very high levels of somatic cells,
regardless of the infection status of the mammary gland, and this slowly decreases in de weeks after
calving (Wall et al., 2015). These somatic cells likely enter the milk via passive paracellular transport
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due to a leaky blood-milk barrier at the end of lactation. Therefore, high levels of SCC are also
expected upon approaching parturition, but it can be caused by both mastitis as well as leakage of
the blood-milk barrier.
Dupont and co-workers investigated the effect of omitting the dry period on plasmin and
plasminogen levels. It was observed that approaching parturition is accompanied by a dramatic
increase in plasmin, plasminogen, IgG and SCC and with decrease in milk yield, for continuously
milked cows. The intense increase in the blood-originating proteins in milk proves that calving is
characterized by an important influx of blood into milk (Dupont, Remond, & Collin, 1998). The
elevated levels of IgG and SCC were accompanied by an increase in plasmin and plasminogen, and
therefore higher activities of these enzymes might also be found in the milk samples of this study.
Moreover, the results in section 4.3 show that the total κ-casein (↑), glycosylated κ-casein (↑) and αS2casein (↓) fractions were significantly affected by omitting the dry period. Furthermore, trends were
also visible for the αS1-casein (↓) fraction and β-caseins (↑) fractions, but not significant (P>0.05). The
casein degrading enzyme plasmin was mentioned to be responsible for this and is thus expected to
have high activities in the milk samples. To test this hypothesis, the plasmin activity in de milk
samples close to calving was measured with a photo spectrometric method. Results are shown in
figure 11.
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Figure 11: Activity of plasmin against time in weeks before calving.
Remarkable is the steep increase of plasmin activity for cows 31, 47 and 60 close to calving,
compared to the bulk milk. Cow 70 had a really high plasmin activity of 56.6 ± 0.3 units/mL, which
was at least 10 times higher compared to the other measured plasmin activities. This high value of
cow 70 is not displayed in figure 11, since it would make it impossible to compare other individual
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cows with each other. When figure 11 is compared to figure 10, one can observe that the cows 31, 47
and 60 had both a high SSC and plasmin activity. This relation is often observed. Plasmin activity and,
more generally, protease activity are known to positively correlate with mastitis and somatic cells
(Koop et al., 2015), and stage of lactation (Walstra, 2006). Plasmin occurs in milk together with its
inactive precursor plasminogen (Politis et al., 1989). Plasminogen activators and inhibitors are also
present in milk and the mammary gland, and are necessary to stimulate or inhibit the conversion of
plasminogen to plasmin. Neutrophils, which is a somatic cell type, are leukocytes. These leukocytes
contain a promotor/activator, which promotes the conversion of plasminogen into plasmin (Walstra,
2006). Furthermore, mastitis leads to damage of the secretory tissue. Loss of membrane integrity
causes an increased permeability of the blood-milk barrier leading to direct influx of these plasmin
and plasminogen activators in the milk (Politis et al., 1989), and therefore a high plasmin activity is
often correlated with high SCC and mastitis.
Figure 12 shows the plasminogen activity in the milk samples close to calving. All individual cows
showed elevated plasminogen activities close to calving, compared to the bulk milk (P<0.05). Only
cow 70 is an exception. The extreme high plasmin activity might be an explanation for this finding. All
plasminogen might already been converted to plasmin, and therefore comes along with a low
plasminogen activity close to calving. The ratio of plasminogen to plasmin in milk has been reported
to be from 50:1 to 2:1 (Nielsen, 2002). In this study the ratio ranged from 44.9:1 to 2.6:1, when cow
70 was excluded. For this cow the ratio was 0.1:1. Activation of plasminogen to plasmin occurs as
lactation progresses, which results in a lower plasminogen to plasmin ratio at the end of lactation
(Politis et al., 1989), and is associated with mammary gland involution as discussed in the following
paragraph.
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Figure 12: Activity of plasminogen against time in weeks before calving.
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The high plasminogen activities prepartum can be explained by the role of plasmin in mammary
gland involution and epithelial cell proliferation (Ruben de Vries et al. 2016; Politis et al., 1989), as
will be discussed next. De Vries and coworkers investigated the effect of shortening the dry period,
on the proteolytic activity in post and prepartum milk. In prepartum milk, the plasmin activity was
not affected, but an increase in plasminogen activity was found closer to calving (P<0.01). In
postpartum milk, an increase in plasmin activity was found. However, no difference in plasminogen
activity was found after calving for cows with a shortened dry period, compared to cows with a
conventional dry period (Ruben de Vries et al. 2016). Results of De Vries et al. (2016) are thus in line
with this study; the increase in plasminogen activity in prepartum milk was also found, while plasmin
activity was not significantly affected for most cows when the dry period was omitted. Except for
cows with a high SSC (cow 31, 47 and 60). In the study of De Vries, none of the prepartum milk
samples had somatic cell counts above 500,000 cells/mL and this might explain why plasmin activity
was not elevated in prepartum milk in that study, but was affected in this research. It was thought
that plasmin enhances epithelial cell proliferation by matrix degradation between cells during cell
division (Ruben de Vries et al.; Saksela & Rifkin, 1988). The epithelium of the bovine mammary gland
undergoes significant proliferation both prepartum as well as postpartum, and the dry period was
assumed to affect the proliferation rate (Ruben de Vries et al., 2016). Cell regeneration rate was
found to be higher for nonlactating mammary tissue compared to lactating mammary tissue (Ruben
de Vries et al., 2016). De Vries hypothesized that the increase in plasmin activity postpartum could be
explained by an increased proliferation postpartum, caused by a decreased proliferation prepartum
due to shortening dry period. When this hypothesis is used to explain the proteolytic activity in this
study, it is assumed that continuous milking slows down cell proliferation rate prepartum, and
thereby shifts cell proliferation to the first weeks postpartum. It is hypothesized that the increase in
plasminogen prepartum (figure 12) might be an indicator for elevated levels in plasmin activity
postpartum, which is involved in epithelial cell proliferation. Cow 70 already has a high plasmin
activity just before calving while it is low in SCC, indicating that all plasminogen is already converted
to plasmin to regenerate secretory tissue for the next lactation. Furthermore, shifting cell
proliferation from prepartum to postpartum, due to omitting the dry period, explains the low milk
yield in this study.
Thus, increased transcellular transport due to loss of membrane integrity caused by mastitis, might
have resulted in an increased plasmin activity for high SCC cows in prepartum milk, while plasmin
activity was not affected for healthy cows. Elevated plasminogen levels prepartum are hypothesized
to be the result of shifted cell proliferation from mainly prepartum to mainly postpartum, caused by
continuous milking. The elevated levels of plasminogen activity prepartum might be an indicator for
elevated levels of plasmin activity postpartum, which is involved in cell proliferation. However,
plasmin activity in postpartum milk from continuous milked cows should be measured to confirm this
hypothesis. The high plasmin activities close to calving for 5 out of 12 cows (figure 11) could explain
the lower fractions of αS-caseins and higher fraction of κ-casein (table 5), which is resistant to the
action of plasmin.
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A more direct method to measure the proteolytic activity in milk is the ortho-phthalaldehyde (OPA) based spectrophotometric assay, as described in section 3.3.8. Herein, free amino groups are
detected, which are the result from the proteolysis of milk proteins, thus giving a direct
measurement of proteolytic activity, by for example plasmin. Also, the free amino groups which are
present in the rest groups of amino acids Arginine, Asparagine, Glutamine and Lysine react with OPA,
and result thereby in a higher absorbance. Therefore, a 0-value for free amino groups cannot be
found. Leucine was used as internal standard, and contains one free amino group. The amount of
free amino groups per mg protein as function of weeks before calving is shown in figure 13.
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Figure 13: Free amino groups per mg protein as function of weeks before calving.

Elevated levels of plasmin activity were found in late lactation milks from cows 31, 36, 47, 60 and 70
(figure 11). Upon cleavage of the caseins by plasmin, a free amino group is formed. For the abovementioned cows one would therefore expect a high free amino group concentration. However, figure
13 shows the opposite. Two hypothesis for this observation will be discussed below.
Frist, the lower amount of free amino groups close to calving indicates that some other groups may
attach to the free amino groups. Section 4.3 showed that the percentage of glycosylated κ-casein
increased upon approaching parturition. The free amino group concentration was found to decrease,
when the degree of κ-casein glycosylation increased (P<0.05), and when calving was approached
(P<0.01). Therefore, it is hypothesized that these glycosylated groups could also be present on the
free amino groups of other amino acids of κ-casein as well as the other proteins, instead of only the
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Threonine residues in the C-terminal in the hydrophilic region of κ-casein. Galactosamine, galactose
and N-acetyl neuraminic acid residues are the carbohydrate groups which are normally attached to
Threonine of κ-casein via an esterified linkage (O-glycosylation). All these carbohydrate groups are
polar and contain –OH groups by which they can be linked to amino groups of other amino acids (Nor O-glycosylation). When more glycosylation occurs in the caseinmacropeptide, curd firming rate
may be negatively influenced due to the counteracting working of the glycosylated groups on the
action of chymosin and the high chymosin to protein ratio, as already described in section 4.3.
Remarkable are the low amounts of free amino groups for cow 60 and 70. These cows produced the
non-coagulating milks and had the highest glycosylated κ-casein fractions close to calving, and
thereby match this hypothesis. However, one should keep in mind that the decrease in free amino
groups due to the glycosylation of κ-casein is expected to contribute little to the total amount of free
amino acids, and does not match such a large decrease of free amino groups (figure 13). This makes
the second hypothesis more likely, as discussed next.
Secondly, the increase in milk protein content, due to the major increase in IgG, was more likely to
responsible for the decrease of measured free amino groups. IgG contains a conserved glycan at
position N297 of the heavy chains and has multiple N-glycosylation sites, and therefore contains
relatively few free amino groups (Vidarsson, Dekkers, & Rispens, 2014). On average, the free amino
groups concentration (mmol/L) remains rather constant when the protein correction factor is left out
(Annex VII), except for cow 60. This indicates that the reduction of the free amino groups (mmol/mg)
in figure 13 is not a result of fewer free amino groups, but of the fact that free amino groups did not
increase together with the protein content. An extreme increase of IgG, compared to the absolute
much lower increase and decrease of the other protein fractions, will then result in a lower amount
of free amino groups, when IgG occurs in its highly glycosylated form, what could have resulted in de
decreasing trend visible in figure 13. Further research is needed to confirm both hypothesises. One
could measure the degree of N-glycosylation of IgG with the help of HPAEC-MS. A high degree of
glycosylation indicates that few free amino groups are present on the molecule, and this would
match this hypothesis. However, a low degree of glycosylation indicates that more free amino groups
are present, which counteracts this hypothesis and strengthens the first hypothesis.
A sub question in this research was: do plasmin and plasminogen activity change in late lactation milk
from cows managed with a 0-day dry period, and does this affect the renneting properties of cheese
milk? Figures 11 and 12 showed that plasminogen activity was increasing for all cows close to calving,
while plasmin activity was only increasing for the high SCC cows. The relation between the
proteolytic parameters and curd firming rate and curd firmness are shown in table 8.
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Table 8: The relation between the proteolytic activity and curd firming rate and curd firmness
(Pearson correlation).
Significance
Plasmin activity
Plasminogen activity
SCC
Free amino groups (mmol/mg)
#

Curd firming rate (r)
0.226 (-0.301)
0.728 (0.088)
0.085 (-0.417)#
0.624 (0.128)

Curd firmness (r)
0.073 (-0.433)#
0.751 (-0.081)
0.057 (-0.457)#
0.390 (0.223)

Correlation shows a trend at the 0.1 level (2-tailed)

SCC shows a negative trend with curd firming rate and curd firmness; the higher SCC, the lower curd
firming rate and curd firmness. Furthermore, plasmin activity shows a negative trend with curd
firmness. As afore-mentioned, SCC was related to a high plasmin activity. As SCC increased,
proteolysis by plasmin also increased, which could have resulted in a lower curd firmness.
These data can also be used to explain the trends in figures 5 and 6. From 7 to 3 weeks prepartum an
increase in both curd firming rate and curd firmness was found. During this period the protein
content of the milks increased and plasmin activity was low. From 3 weeks prepartum, a turning
point was visible, wherein milk from some cows decreased remarkably in curd firming rate which was
accompanied by an increase of plasmin activity, glycosylated κ-casein and IgG. Cow 60 and 70 had
the highest plasmin activities and degree of κ-casein glycosylation (20.1 and 22.5 % respectively),
and the lowest αS1-caseins (3.9 and 7.4 % respectively) αS2-caseins (24.5 and 21.4 % respectively)
fractions, compared to the other individual cows. Normally, plasmin has a preference for β-casein.
However, in this research the activity of plasmin was only significantly related to a decrease in αS2casein (P<0.01), as discussed in section 4.3. This decrease, in relation to the higher degree of κ-casein
glycosylation, might explain the poor-coagulating behaviour one week prepartum (many small
micelles + high glycosylated κ-casein:chymosin ratio = long time needed to cut 85% of the Phe-Met
bonds). When chymosin finally cleaved 85% of the Phe-Met bonds, aggregation starts. However,
aggregation is further slowed down by de increase in viscosity, due to the presence of high amounts
of IgG.
Also milk pH and mineral composition of the milk can affect the coagulation properties of milk and
are needed to completely explain the trends in figures 5 and 6 . This will be further discussed in
chapter 4.5.

41

4.5. Milk pH and mineral composition
Besides changes in protein composition and proteolytic activity, milk pH is known to affect the
renneting properties of cheese milk. Milk pH was measured in bulk milk and milk samples originating
from 25/4/2016 (cow 57 only), 9/5/2016 and 23/5/2016, which are close to calving. Results are
shown in figure 14.
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Cow 60 (-2.7 wk)
Cow 57 (+0.1 wk)
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Figure 14: Milk pH of the bulk milk and individual cows close to calving.

The pH of normal milk is ranging from 6.6 to 6.8, with an average of 6.7 (Walstra, 2006). The bulk
milk had a milk pH of 6.8, what thus can be considered as a normal value. However, figure 14 also
shows that milk pH of individual cows is decreasing when calving is approached. For multiple cows
the pH reached values of ~6.1 or even slightly lower, which falls within the milk pH range of
colostrum (6.0 – 6.6) (Mcintyre, Parrish, & Fountaine, 1952; Tsioulpas, Grandison, et al., 2007). Again,
large deviations are found between cows, at the end of lactation.
Milk pH is related to the calcium activity of milk. A decrease in milk pH is accompanied by an increase
of free calcium (Tsioulpas, Lewis, et al., 2007). The decrease in mill pH suggests an expected increase
of free calcium in the milks close to calving. A calcium selective electrode is these days used to
measure the calcium activity. However, this technique is dependent on calibration solutions, which
should mimic the pH and ionic strength of fresh milk, and the stability of the electrode. This makes

42

this method less feasible since the Ca2+ activity is often underestimated (Gao, van Leeuwen, van
Valenberg, & van Boekel, 2011).
Multiple studies have shown that the amount of free calcium is related to the stability of the milk
against ethanol. A high free calcium concentration is commonly accompanied by a low ethanol
stability (Tsioulpas, Lewis, et al., 2007). Therefore, ethanol stability testing can be used to get an
indication of the free calcium concentrations among milk samples. The ethanol stability for the bulk
milk and the individual cows close the calving is shown in figure 15.
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Figure 15: Ethanol stability for the bulk milk and the individual cows close the calving.

A milk sample is defined as ethanol unstable when the precipitation occurred with 72% ethanol
(v/v)(de Oliveira, Lopes, Rosim, Fernandes, & Corassin, 2013). When the ethanol stability is below
this level, milk should not be used UHT processing due to fouling of the heat exchangers (Tsioulpas,
Grandison, et al., 2007). However, milks with a lowered ethanol stability might be beneficial for
cheese production due to its high calcium activity, as will be discussed later on.
pH was, as expected, significantly related to ethanol stability (P=0.000). The bulk milk had an ethanol
stability of 86%, which makes the milk ethanol stable. However, all other individual cows have an
ethanol stability below 72%, except for cow 47 at 0.3 weeks after calving. Horne an co-workers found
the lowest ethanol stability of 32% and 31% at pH 6.1 (normal milk) and pH 6.3 (milk with added Ca2+)
respectively (Horne & Muir, 1990). In this research, somewhat lower values up to 24% were found,
which might be explained by the lower pH values. When milk pH is decreasing, colloidal calcium
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phosphate dissolves, and thereby the amount of Ca2+ increases (Walstra, 2006), which results in a
lower ethanol stability. Figure 15 shows lower ethanol stabilities for multiple cows compared to the
bulk milk, which can thus be attributed to the lower pH values of these cows. These lower ethanol
stabilities indicate that the milks have a higher free calcium content compared to the bulk milks.
The relation between changes in milk pH and ethanol stability with curd firming rate and curd
firmness are shown in table 9.
Table 9: The relation between changes in milk pH and ethanol stability with curd firming rate
and curd firmness.
Significance
Milk pH
Ethanol stability

Curd firming rate (r)1
0.010 (-0.592)*
0.005 (-0.629)**

Curd firmness (r)1
0.173 (-0.335)
0.020 (-0.544)*

Group (weeks)2
0.029*
0.002**

* Correlation is significant at the 0.05 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)
1
Pearson correlation in SPSS
2
One way Anova in SPSS

Table 9 shows that milk pH was negatively correlated with curd firming rate; the lower the milk pH,
the higher the curd firming rate. Below pH 6.4 the activity of chymosin is increased. Therefore, it will
take less time for chymosin to hydrolyse 85% of the Phe-Met bonds on κ-casein. This significant
relation between pH and curd firming rate is also caused by the significant relation of pH and ethanol
stability (P = 0.000). Ethanol stability was negatively correlated with both curd firming rate and curd
firmness: the lower the ethanol stability, the higher curd firming rate and curd firmness. This can be
explained by the corresponding elevated calcium activity, as discussed before. When decreasing the
pH, colloidal calcium phosphate dissolves which frees ionic calcium and leads to a decrease in
ethanol stability. When enough Phe-Met bonds in κ-casein are cleaved by chymosin, these free
calcium ions can form calcium bridges between the caseins (described in section 2.3.2.), and thereby
improve curd formation.
Tsioulpas and co-workers investigated the rennet clotting time of colostrum from calving on. It was
found that on day 1, the colostrum had poor coagulation properties, while rennet clotting time
decreased steeply from day 2 to day 5. After day 5 the rennet clotting time increased steadily up to
90 days in milk. The high rennet clotting time on day 1 could not be explained, as the colostrum had a
low pH and high protein content. A possible explanation proposed by Tsioulpas et al. (2007) was a
delay in the enzymatic phase of coagulation, as a result of the high protein to chymosin ratio
(Tsioulpas, Grandison, et al., 2007). Cows 60 and 70, which had non-coagulating milks, did not show
abnormal pH and ethanol stability values compared to the other individual cows. pH and ethanol
stability can therefore not explain this non-coagulating behaviour. However, cow 60 and 70 were
really high in protein (10.1 and 8.3% respectively) and had the highest total κ-casein (21.2 and 26.5 %
respectively) and κ-casein glycosylation degree (20.1 and 22.5% respectively) fractions. This
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corresponds with the high protein to chymosin theory of Tsioulpas. When chymosin finally cleaved
85% of the Phe-Met bonds, aggregation is further slowed down by the increase in viscosity due to
the high presence of IgG. On average, it can even be concluded that both pH and ethanol stability
decrease in late lactation milks of continuously milked cows, and thereby significantly enhance curd
formation. However, the positive effect of a low pH (enhanced chymosin activity) and ethanol
stability (high calcium activity), did not overrule the negative effect of increased plasmin activity,
glycosylated κ-casein and IgG, for cows 60 and 70.
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Conclusions
Prior research of S. Rijlaarsdam showed a remarkable large variation in coagulation properties of late
lactation milks from cows which were continuously milked. Some milks showed excellent renneting
properties 2 weeks prepartum, while milk from other cows was found to be non-coagulating at this
time point. The aim of this research was to explain the influence of compositional changes, due to
omission of the dry period of Holstein-Frisian dairy cows, on renneting properties of late lactation
milk 2 weeks prepartum. This was done on the basis of the measurement of the following
parameters: protein composition, Immunoglobulin G (IgG) concentration, somatic cell count (SCC),
plasmin activity, plasminogen activity, free amino groups, pH and ethanol stability.
Regarding the gross milk composition, the milk yield was found to decrease when the calving date
was approached. The protein content was found to increase near parturition with a decreasing milk
yield, while the fraction of lactose showed a decreasing trend closer to calving with a decreasing milk
yield. Largest differences were found from 2 – 0 weeks prepartum.
Regarding the protein composition of the milk, the fractions of αS2-casein (↓), total κ-casein (↑),
glycosylated κ-casein (↑), non-glycosylated κ-casein (↓), α-lactalbumin (↓) and IgG mass (↑) were
significantly affected, upon omitting the dry period. The elevated protein content of the milk was
mainly attributed to the increase in IgG. A negative trend was found between the IgG concentration
and curd firming rate, which might be caused by an increase in viscosity. Furthermore, the αS- and βcaseins were related to curd firmness, since these are the building blocks of cheese curd. On average,
a high degree of κ-casein glycosylation was associated with a small micelle size, and improved the
renneting properties. However, a high glycosylated κ-casein:chymosin ratio was found in the noncoagulating milks, which could have negatively affected curd firming rate. When chymosin finally
cleaved 85% of the Phe-Met bonds, aggregation could be further slowed down by the increase in
viscosity, due to the high presence of IgG.
Regarding the proteolytic activity of the milk, high levels of somatic cells were found near parturition.
High levels of SCC were associated with an increase in plasmin activity in prepartum milk, which was
related to a lower curd firmness. Furthermore, a high plasmin activity is commonly related to a high
amount of free amino groups. In contrast to the expectation, the amount of free amino groups was
decreasing with weeks before calving, which may be attributed to the N-glycosylation of caseins, or
more likely due to the major increase of IgG. Plasminogen activity was increasing for all cows by
approaching calving, and is hypothesized to be the result of shifted cell proliferation from mainly
prepartum, to mainly postpartum, and might be an indicator for elevated levels of plasmin activity
postpartum, which is involved in cell proliferation. However, plasmin activity in postpartum milk from
continuous milked cows should be measured to confirm this hypothesis.
Both milk pH and ethanol stability were found to decrease upon extension of late lactation. Milk pH
was negatively correlated with curd firming rate, which was attributed to the increased activity of
46

chymosin. Ethanol stability was negatively correlated with both curd firming rate and curd firmness.
When decreasing the pH, colloidal calcium phosphate dissolves, which frees ionic calcium, and leads
to a decrease in ethanol stability. When enough Phe-Met bond in κ-casein are cleaved by chymosin,
these free calcium ions can form calcium bridges between the caseins, and thereby improve curd
formation.
In general, many compositional changes were found in prepartum milk upon continuously milking, as
described above. Standard deviations for all parameters were larger in the weeks closer to calving,
indicating enlarged compositional variation among cows close to parturition, leading to differences in
renneting properties. Because multiple parameters affected curd formation, it is impossible to
attribute the non-coagulating behaviour of the poor milks to one single parameter. The poor
renneting properties of the non-coagulating milks could be explained by the combined negative
effect of an increased plasmin activity, glycosylated κ-casein:chymosin ratio and IgG concentration.
On the other hand, the decrease in pH and ethanol stability were positively affecting the renneting
properties. However, this positive effect did not overrule the negative effect of the increased plasmin
activity, glycosylated κ-casein:chymosin ratio and IgG concentration, for the non-coagulating milks.
The bulk milk was not affected by continuous milking farm management, and can thereby safely be
used for further processing.
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Recommendations and remarks
To explain the unexpected increase in both the β-casein fraction and area at the end of lactation, and
its negative correlation with curd firmness, the breakdown products of β-casein could be measured
with CZE or MALDI-TOF-MS. The plasmin activity prepartum was increased for multiple cows close to
calving, and therefore one would expect β-casein to decrease. The increase in peak area suggests
that the increase was not attributed by working with percentages (decrease of one fraction results in
increase of another fraction). It could be that the peak area of β-casein increased due to the
presence of breakdown products of β-casein, which co-elute with each other.
The elevated levels of plasminogen activity close to calving in prepartum milk, were hypothesized to
be an indicator for elevated levels of plasmin activity postpartum, which is involved in cell
proliferation. However, plasmin and plasminogen activity in postpartum milk from continuous milked
cows have to be measured to confirm this hypothesis. Postpartum milk from the cows in this study
was not available. So, I propose milk collection of 6, 4, 2, and 1 weeks pre and postpartum. The same
technique as described in section 3.3.3 can be used to measure plasmin and plasminogen activity.
Upon performing the experiment in this research, the addition of substrate and urokinase took a long
time and thereby resulted in lower values of the duplo measurement and large standard deviations
(Figures 11 and 12). Therefore, the use of a multiple tip pipet is recommended when enough
substrate/urokinase is available. When this is not the case, one could record the time needed to fill
all the wells, and correct the absorbance values for time. This is also economically the most attractive
option, since mainly the substrate is expensive.
Besides glycosylation, also phosphorylating might affect the coagulation properties of milk, and could
thereby help to further explain differences in renneting properties close to calving. One could
therefore measure the degree of phosphorylation of the caseins with LC/ESI-MS, as described by
Fang and co-workers (Fang et al., 2016). Phosphoserine clusters allow caseins to interact with
calcium phosphate to form casein micelles. Phosphoserine clusters of αs- and β caseins are involved
in stabilizing calcium phosphate nanoclusters and enable micellar growth by crosslinking between
phosphorylated residues of caseins and calcium phosphate, thereby affecting micelle size. A small
micelle size is known to have a positive influence on cheese making.
Figure 13 shows a decrease in free amino groups, which is hypothesized to be most likely caused by
the extreme increase of IgG, in its high glycosylated form, compared to the absolute much lower
increase of the other protein fractions. Further research is needed to confirm this hypothesis. One
could measure the degree of N-glycosylation of IgG with the help of HPAEC-MS (Maier et al., 2016). A
high degree of glycosylation indicates that few free amino groups are present on the molecule, and
this would match this hypothesis.
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Besides protein, also fat and casein micelle size contribute to curd formation. In this research, cheese
curds were made from skimmed milk. One could also measure curd firming rate and curd firmness
for non-skimmed milk from continuously milked cows. During industrial cheese making, one also uses
non-skimmed milk, and therefore this would expand our knowledge of the effect of omission of the
dry period, on the renneting properties of cheese milk. Literature shows that for curds which were
formed with milks containing small casein micelles, large milk fat globules enhanced the curd
firmness more than the small milk fat globules. It is possible that when the size of large milk fat
globules fits well with the pore size of the casein micelle network, a synergistic effect on rennet
elastic gel network is provided (Logan et al., 2014). In this study, an increase in glycosylated κ-casein
was found, which was related to smaller casein micelles. Andreia Belo Gomes is currently working
extracting fats from the cow’s milk used in this study. The milk fat globule size measurement in her
study could be combined with this study to further explain the rennetability of DBC milk.
After shortening or omitting the dry period for multiple lactations, differences originating form dry
period length (positive effect on EB as well as negative effect on SCC) were even smaller between the
different dry period lengths (Kok et al., 2017). Therefore, it would be interesting to also measure the
other parameters, which were measured in this study and affect the renneting properties, over a
period of 2 or more lactations, to investigate the long term effect of omitting and shortening the dry
period, on the renneting properties of late lactation milk.
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Appendix I: Specific characteristics of the cows
Table 10: Specific characteristics on calving dates, parity and K-CN genetic variants for each
cow.
Cow

Sampling date

Calving date

Expected

Real week

Parity

week
Cow 4

Cow 31

Cow 34

Cow 47

Cow 57

Cow 60

Cow 126

Cow 7
Cow 23
Cow 36
Cow 37
Cow 70

21/3/2016
11/4/2016
25/4/2016
9/5/2016
23/5/2016
21/3/2016
11/4/2016
25/4/2016
9/5/2016
23/5/2016
21/3/2016
11/4/2016
25/4/2016
9/5/2016
23/5/2016
21/3/2016
11/4/2016
25/4/2016
9/5/2016
23/5/2016
21/3/2016
11/4/2016
25/4/2016
9/5/2016
21/3/2016
11/4/2016
25/4/2016
9/5/2016
23/5/2016
21/3/2016
11/4/2016
25/4/2016
9/5/2016
23/5/2016
21/3/2016
21/3/2016
21/3/2016
21/3/2016
21/3/2016

2/6/2016

28/5/2016

31/5/2016

21/5/2016

8/5/2016

28/5/2016

15/6/2016

26/3/2016
23/3/2016
26/3/2016
26/3/2016
24/3/2016

-10
-8
-6
-4
-2
-10
-8
-6
-4
-2
-10
-8
-6
-4
-2
-10
-8
-6
-4
-2
-10
-8
-6
-4
-10
-8
-6
-4
-2
-10
-8
-6
-4
-2
-1
-1
-1
-1
-1

Genetic
variant K-CN

-10.4
-7.4
-5.4
-3.4
-1.4
-9.7
-6.7
-4.7
-2.7
-0.7
-10.1
-7.1
-5.1
-3.1
-1.1
-8.7
-5.7
-3.7
-1.7
-0.3
-6.9
-3.9
-1.9
+0.1
-9.7
-6.7
-4.7
-2.7
-0.7
-12.3
-9.3
-7.3
-5.3
-3.3
-0.7
-0.3
-0.7
-0.7
-0.3

5

AB

3

AA

3

AB

1

AB

2

AB

1

AB

3

AA

1
1
2
1
1

AB
AB
AA
AB
AB

55

Annex II: IgG quantification with ELISA

Table 11: Standard preparation for IgG quantification with ELISA.
Standard

IgG in dilution

Bovine Reference Serum

Sample diluent

(ng/mL)

(24 mg/ml IgG)

Initial

10,000

3 μL

7.2 ml

1

500

100 μL from initial

1.9 ml

2

250

500 μL from std 1

500 μL

3

125

500 μL from std 2

500 μL

4

62.5

500 μL from std 3

500 μL

5

31.25

500 μL from std 4

500 μL

6

16.625

500 μL from std 5

500 μL

7

7.8

500 μL from std 6

500 μL

Blank

0

Blank

500 μL

Table 12: Diluting milk samples with a high expected IgG content according to table 14, annex
II, for IgG quantification with ELISA.
Name

IgG in dilution
(ng/mL)

Milk (with expected IgG
concentration of 59 mg/mL)

Sample
dilutent

Dilution

Initial

10,000

3 μL

1.7 mL

5,900

1

500

100 μL from initial

1.9 mL

118,000

2

250

500 from 1

500 μL

236,000

3

125

500 from 2

500 μL

472,000

4

62.5

500 from 3

500 μL

944,000

Table 13: Diluting milk samples with a low expected IgG content according to table 14 annex II,
for IgG quantification with ELISA.
Name

IgG in dilution
(ng/mL)

Milk (with expected IgG
concentration of 1 mg/mL)

Sample
dilutent

Dilution

Initial

10,000

20 μL

2000 μL

100

1

500

100 μL from initial

1900 μL

2000

2

250

500 from 1

500 μL

4000

3

125

500 from 2

500 μL

8000

56

Table 14: Prepared dilutions per sample for the quantification of Bovine IgG with ELISA.
Cow
Cow 4

Week
-3.4

Dilutions series3

Estimated amount of IgG (mg/mL)
59.02
1.0

1

5,900

118,000

236,000

472,000

100

2,000

4,000

8,000

-1.4

59.02

118,000

236,000

472,000

944,000

-2.7

1.01

100

2,000

4,000

8,000

-0.7

59.02

5,900

118,000

236,000

472,000

59.02

5,900

118,000

236,000

472,000

1.01

100

2,000

4,000

8,000

-1.1
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1

Based on the bovine IgG concentration in normal milk: 0.5 – 7.8 mg/ml (Bethyl laboratories,
protocol Bovine IgG ELISA Kit Cat. No. E11-118).
2

Based on the bovine IgG concentration in colostrum: 34 – 80 mg/ml (Bethyl laboratories, protocol
Bovine IgG ELISA Kit Cat. No. E11-118).
3

Dilutions in red resulted in absorbance values outside the calibration curve. Green dilutions resulted
in absorbance values which were positioned within the calibration curve. Orange dilutions had
absorbance values which were corresponding to the arguable zone of the calibration curve, and
should be interpreted with care.
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Annex III: SCC analysis by Qlip B.V.
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Annex IV: Glycosylation of K-CN
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Figure 16: Glycosylated K-CN fraction in milk samples originating from 9/5/2016 and 23/5/2016
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Annex V: Coagulation properties cow 60 and 70
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Figure 17: Red squares indicate cow 60 and 70 1 week prepartum
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Figure 18: Red squares indicate cow 60 and 70 1 week prepartum
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Figure 19 Red squares indicate cow 60 and 70 1 week prepartum
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Annex VI: Amino acid sequence k-CN

Figure 20: Amino acid sequence of κ-casein. The chymosin cleaving site is indicated with ‘’↓’’.
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Annex VII: Free amino group concentration
(mmol/L) versus time (weeks)
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Figure 21: Free amino groups (mmol/L) versus time in weeks.
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