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ABSTRACT: One of the most crucial steps in cheesemaking is the coagulation process, and knowledge of the parameters involved in
the clotting process plays an important technological role in the dairy industry. Milk of different ruminant species vary in terms of their
coagulation capacities because they are influenced by the milk composition and mainly by the milk protein genetic variants. The milk
coagulation capacity can be measured by means of mechanical and/or optical devices, such as Lactodynamographic Analysis and Near-
Infrared and Mid-Infrared Spectroscopy.
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Propriedades de coagulacio do leite e métodos de deteccio

RESUMO: Uma das etapas mais importantes na fabricagdo de queijos é o processo de coagulagdo. O conhecimento dos pardmetros envolvidos
nesse processo desempenha um papel tecnologico importante para a industria de laticinios. O leite de diferentes espécies de ruminantes varia
em termos de capacidade de coagulacdo, pois sdo influenciados pela composi¢do e principalmente pelas variantes genéticas da caseina.
Estas caracteristicas podem ser avaliadas por meio de dispositivos mecanicos e/ou opticos, tais como, a Andlise Lactodinamogrifica e a

Espectroscopia de Reflectancia do Visivel ao Infravermelho Proximo (NIR) e Médio (MIR).
Palavras-chave: coagulagdo, firmeza da coalhada, lactodinamografo, espectroscopia no infravermelho.

INTRODUCTION

The global scenario for the dairy chain
and specifically for cheese is favorable. According to
PENASA et al. (2015) the European Union produces
about half of the world cheese and is the main
international supplier and according to OECD-FAO
(2013), the demand for global cheese imports will
increase significantly, by 20% through 2022. For the
dairy industry it is critical to know milk coagulation
properties, once they define technological aspects
of production. Milks with favorable characteristics
for cheese production must present short clotting
time and curd firmness, resulting in products with
desirable composition and these requirements are
important for processing (CASSANDRO et al., 2008).
Several factors have influenced on Milk Coagulation

Properties (MCP), such as, nature and concentration
of coagulating enzyme, milk temperature, titratable
acidity (TA), protein (casein and its fractions),
calcium and phosphorus contents and somatic cell
count (SUMMER et al., 2002). Among the factors
cited, total casein content and its genetic variants, as
well as, titratable acidity are the ones that seem to
have greater influence on MCP. The k-casein (k-CN)
and B-casein B (B-CN B) are associated with positive
effects on micelles stability and curd reactivity
resulting in a shorter clotting time thus producing a
more consistent curd (MARIANI et al., 2002), and
the titratable acidity is involved in the aggregation
rate of casein micelles, in curd reactivity and in the
syneresis rate (FORMAGGIONI et al., 2001). So, the
determination of the MCP is extremely important,
since raw milk from cows, buffalo, sheep or goats (of
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the same or different breeds) has different coagulation
capacities (ABEYKOON et al., 2016), that is, the
milk composition is not the same. This ability can be
determined using mechanical devices like Reomether,
Coagulometer, Lactodynamograph and more recently
optical devices such as the Optigraphs (Near-
Infrared and Mid-Infrared). These measurements are
traditionally expressed using the rennet coagulation
time (r, min), time (min) to curd firmness (CF) to
reach 20mm (k20), and CF in 30min after enzyme
addition (a30, mm) (ANNIBALDI et al., 1977).
BITTANTE et al. (2013) showed the model CF as a
function of time (CFt mm) over a 30min interval; the
model offers very good fitted data obtained from milk
samples different in composition. More recently, Mid
Infrared (MIR) Spectroscopy, more precisely Fourier
Transform (FTIR), has been reported as an indirect
method, using less time and lower costs for analysis
(BONFATTI et al., 2011b; DE MARCHI et al. 2013).
The aim of this review is to provide a brief overview
on MCP determination methods (Lactodynamograph
and Infrared Spectroscopy) and highlight the main
factors influencing milk coagulation.

Milk coagulation properties (MCP)

In general, MCP may be defined as the ability
of milk to react with a coagulant (cheesemaking) and
to form a curd with proper consistency and in optimal
time for processing, as well as present good ability for
syneresis. Coagulant reacts directly with casein that
constitutes the main component to produce cheese
and from which depends great part of the rheological
characteristics of the curd, mass reduction ability
and milk transforming efficiency (CASSANDRO et
al., 2008). Milk coagulation is influenced by factors
such as chemical composition, milk acidity, somatic
cells count, as well as the coagulating enzyme source
and concentration (IKONEN et al., 2004) suggesting
that technological properties come from hereditary
characteristics and it can be enhanced by genetic
improvement. According to IKONEN et al. (2004) and
CASSANDRO et al. (2008) yield in cheese production
depends on MCP and can vary greatly from one cow
to another, with 30% to 40% of this variation due
to genetic differences. MCP may be expressed by
combining the time between rennet addition and the
onset of milk coagulation (r, min), time necessary for
the curd to reach a 20mm firmness (k20, min) and
curd firmness at the end of analysis (a30, mm). These
characteristics can be registered by usage of alternative
systems based on optical, thermal, mechanical and
vibrational methods, which have been thoroughly
reviewed by O’CALLAGHAN et al. (2002).

Two important factors affecting MCP: proteins and
titratable acidity

Proteins: During the last decades, breeding
for dairy cattle has been focused on kg of milk protein,
but the total protein content appears to be a poor
indicator of MCP. In a study by IKONEN et al. (2004),
neither the total content of protein nor milk casein
were considered suitable for the implementation of
an indirect selection to improve MCP. Bovine milk
contains about 3% protein, which can be classified into
two major groups: caseins, which account for about
80% and 20% whey proteins. Milk casein is essential
in cheeses processing because they form a gel network,
which retains other constituents of milk which form the
cheese. Casein (CN), a phosphoprotein characterized
by acids clusters and stabilized by calcium ions and
phosphate, is comprised of: a  -CN, a,,-CN, B-CN and
k-CN in approximate proportions of 4:1:4:1 (BONIZZI
et al.,, 2009). Proteins present in whey include in
particular a-lactalbumin (a-La) and B-lactoglobulin
(B-Lg) at the approximate ratio of 1:3, together with
serum albumin (BSA) and immunoglobulins (Igs) as
minor constituents. For CN, B-Lg and a-La over 60
genetic variants have been identified (FARRELL et
al., 2004). Genetic variants of CNs and of the whey
proteins affect many properties that are crucial in the
coagulation process (BONFATTI et al., 2008). Casein
polymorphisms have been known as factors affecting
milk composition, both because of its qualitative
changes, related to mutations in a single gene, as due to
its quantitative variation, differences in the expression
of alleles involved in milk protein synthesis (MAYER
etal., 1997). The genetic factors have a direct influence
on milk coagulation, as described by HALLEN et al.
(2008) the B alleles of both k-CN and 3-CN contribute
positively and the k-CN A and E alleles are associated
with poor or not coagulation properties. Thus, not
only the concentration of total protein and casein are
sufficient to establish MCP. Identifying polymorphic
genes encoding the key milk proteins can aid in a better
understanding of milk clotting process; particularly the
genetic variants of K-CN and its fractions and of B-Lg
influence on milk composition and/or technological
behavior (PATERSON et al., 1999). According to
MARIANTI et al. (2002), milks which have higher xk-CN
B content have better reactivity with rennet, better
clot forming ability, thus resulting in higher yield.
KUBARSEPP et al. (2005b) reported that all measures
related to the MCP of bovine milk were significantly
better for genotype B of k-CN and worse for k-CN A
and yet k-CN B also exhibited the lowest percentage
of milk samples that do not coagulated (NC). The
k-CN allele B, for example, has been associated with
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increased concentration of k-CN in milk compared
to the allele A (GRAML & PIRCHNER, 2003) and
also with a higher proportion of the total protein and
CN. This characteristic regarding the k-CN B variant,
according to DI STASIO & MARIANI (2000) is related
to a higher content in k-CN in absolute and relative
terms, which implies the presence of micelles with
a lower average diameter, and smaller micelles have
greater reactivity with the enzyme with the highest curd
formation rate reflecting favorably on the rheological
characteristics. PENASA et al. (2010) evaluated the
influence of genotypes of k-CN and -CN in milk from
Holstein cows on MCP and also reported a notable
influence on this parameter. Another relationship in
genetic terms refers to the increase in the total k-CN
content or the relative proportion between x-CN and
the total levels of casein, which decreases the amount
of o, - and a,-CN and pH, which has a positive effect
on MCP (BONFATTI et al., 2011a). Whey proteins
also influence indirectly the MCP results. Milks having
a higher content of f-Lg B, have smaller amount of
whey proteins, but at the same time are richer in casein,
0.12% more, difference when compared to milks
with the greatest presence of B-Lg A (MARIANI,
1999). HILL (1993) studied the relationship between
genotypes of B-Lg in milk composition in New
Zealand and according to the results, milk of cows
with AA genotype for f-Lg showed 28% more whey
protein, 7% less casein, 11% more fat and 6% less
total solids when compared to milk of BB genotype
cows. SUMMER et al. (2002) reported the influence
of B-Lg genetic types is remarkable, they studied the
milk of Modaneses cows and observed that cows with
B-Lg type A have a milk with higher content of whey
proteins while cows with B-Lg type B produced a milk
on average richer in casein with significant effects on
productivity, particularly related to cheese. JENSEN
et al. (2012) observed in milks with good MCP the
prevalence of the variant B for B-Lg as well as for
B-CN and k-CN proteins.

Titratable acidity (TA): Titratable acidity has
an essential role in all milk clotting phases that includes
the aggregation rate of para-casein micelles, rennet
activity and syneresis rate (SUMMER et al., 2002). In the
production of premium cheeses, for example, low acidity
milks are considered unsuitable because of their negative
effects on enzymatic coagulation and on final rheological
properties of the cheese (FORMAGGIONI et al., 2001).
A progressive lowering in acidity corresponds to an
increase in the frequency of milks with low reactivity
to the clotting enzyme (MARIANI et al., 2002). Milks
with low acidity have a greater r (min) value and take
longer to reach gel firmness (NAJERA et al., 2003).

FORMAGGIONI et al. (2001) obtained better answer to
the three parameters that determine MCP from milk with
average acidity of 15.7+0.30 °D: r=16.3+2.3min; k20=9,
1£2.0min and a30=27.1£5.3mm; followed by milk
with 14.4+0.12 °D: r=19.1%1.6min; k20=10.8+1.7min
and a30=21.143.6mm and for milk with lower acidity
13.1£0.18 °D: r=22.143.5min; k20=13.2+4.9min and
a30=14.5+7.0mm. Slightly acidic milks respond better to
the coagulation process as a function of reduction in the
electrostatic repulsion of micelles and flocculation with
a lesser degree of k-CN hydrolysis (WALSTRA, 1993).

Milk coagulation determination methods
Lactodynamographic parameters (LAT)

The MCP are traditionally measured with
a Lactodynamograph. Equipment available for this
analysis are: (1) Latodinamografo® (LAT; Foss-Italy),
which replaced the Formagraph® (Foss Electric,
Denmark) and the (2) Computerized Renneting Meter
(CRM®) from Polo Trade, Italy (ANNIBALDI et al.,
1977; ZANNONI & ANNIBALDI, 1981; DADOUSIS
et al., 2016). The method of determining the MCP by
lactodynamographic parameters has been classified as
a mechanical or rheological system (O’CALLAGHAN
etal., 2002) and is based on oscillation recording, which
is driven by an electromagnetic field created by the
oscillation of a small stainless steel pendulum immersed
in the milk sample. The equipment has the capacity to
simultaneously analyze ten samples. The system records
physical and chemical changes that occur in milk during
the coagulation process, when the enzyme hydrolyzes
the k-casein and induces changes in the viscosity and
elasticity of milk. During the analysis, milk temperature
is kept constant (35°C) and the device then measures the
small forces that act on the pendulum during coagulation
(gelation) when they oscillated in a linear manner, and
the greater the coagulation intensity, the smaller the
pendulum swings. The detected signal is amplified and
registered, then generating diagrams shaped as “bells” or
“champagne flutes” called lactodinamogram expressed
in gel firmness versus clotting time (O’CALLAGHAN
et al., 2002). The Formagraph® equipment includes
devices that record the width (mm) of the graph during
testing, every 15 seconds (CIPOLAT et al., 2012);
however, the new equipment, Lattodinamografo
V2®, is more efficient registering a signal every 7.5
seconds. As can be seen in Figure la, three parameters
are considered (ANNIBALDI et al., 1977): r (rennet
coagulation time) - represents the time for the beginning
of enzymatic coagulation in minutes and concerning
the time interval between rennet addition and the
onset of clotting (the instrument detects a change in
viscosity); k20 - time required in minutes for the gel to
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reach a consistency with an amplitude of 20mm. It is
an inversely proportional rate to the aggregation speed
of casein micelles in the secondary stage of enzymatic
coagulation and a30 - curd firmness or consistency which
is determined in millimeters (mm) and corresponds
to the diagram wideness obtained 30 minutes after
coagulant addition. Regarding clot firmness a30 is the
pattern testing time, but it is possible to perform the
analysis in 45 (a45) or 60 (a60) minutes. According to
ZANNONI & ANNIBALDI (1981) milk is regarded as
excellent with respect to its MCP when it presents an “r”
from 11min and 30sec through 18min, a “k20” between
Smin and 30sec and 8min and 30sec and an “a 30” from
20 to 40mm. However, as milk chemical composition
is variable different shapes of curves (Figure 1b) have
been recognized and used as a reference.
Eachdiagramshowninfigure 1bcorresponds
to milks with defined properties as: Type A: milk with
excellent coagulation characteristic; Type B: milk with
slow coagulation but with good clot formation speed
and with relatively high final consistency (typical of
cattle in late lactation and rich in casein); Type C: first
phase with fast coagulation time, followed by a decrease
in the speed of clot formation with a discrete final curd
consistency (occurs in cattle milk in early lactation
and low-casein); Type D: clotting phase develops
very fast and curd achieves a high consistency (milk
slightly acid and/or rich in casein); Type E: has long
coagulation time and low final curd consistency (high
content of somatic cells); Type F: has an extremely
long time for the start of coagulation and weak final
curd consistency (high somatic cell count and pH),
Type DD: features characteristic similar to milk “Type
D”, but in a more intense way (often reported in acid
or old milk); Type FF: milk which does not coagulates
(in 30min of analysis time). Combination of the three
parameters r, k20 and a30 are used for classifying milk
as excellent (A), good (B, C and D), defective (E, F,
DD) and no coagulating (FF). All measurements are
automatically performed and raw data are stored in the
memory of a computer coupled with the equipment,
which analyzes the data so the traditional MCP results
and lactodynamographic curve can be obtained
(BITTANTE et al.,, 2012). PENASA et al. (2015)
considering the traditional measures, r (RCT) and a30
values, as two separate traits, they combined both, to
form a milk clotting ability index (IAC):
IAC =100 + (ago — mean,, )/SDq,, * 2.5 — (RCT — meangcr)/SDper * 2.5 (1)
According to authors besides the MCP
traditional result, the IAC was created and introduced
as a new feature to synthesize r and a30 values, giving
the same importance (50%) for these features in the
index, which can be changed according to different

applications and/or cheese production. Traditional
method also has some limitations as the existence of
non-coagulant samples (NC) in 30min of analysis and
problems in obtaining k20 values and its repeatability
and the nature of the information yielded by a30 values
(IKONEN et al., 2004; BITTANTE, 2011). The k20 has
practical importance because it is considered the ideal
time indicator for curd cutting and; therefore, is related
to product yield and its quality (BYNUM & OLSON,
1982). The a30 value is often dependent on r (min), both
phenotypically and genetically, becoming evident that
the longer the coagulation time, the shorter the available
time interval for curd hardening thus resulting in a lower
final firmness (IKONEN et al., 2004). According to
BITTANTE (2011) to overcome these limitations new
technologies and the use of more information provided
by traditional analysis should be explored. Hence, the
objective of his research was to exploit all available
information by appropriately modeling the curd-firming
process over time (CFt) using data measured by CRM®.
So the author applied appropriately mathematical model
for the curd-firming process over time (CFt) using
data measured by CRM, with the aim of summarizing
all available information to yield more informative
parameters respect to the traditional MCP traits. The
model tested was:
CFt = CFp * [1 — eler = (t—RCT) ] 2)
Where CF,(mm) is the potential asymptotical
CF at an infinite time, k., (min™") is the curd firming rate
constant, and RCT is measured in minutes. The model
offers a very good fit of data obtained from milk samples
produced by cows of different breeds, ages, DIM, and
reared on different farms, and the k20 can be estimated
also for samples with very late coagulation time or with
very slow curd-firming rate. Thus, for milk which have
slowly coagulating samples, this model appears to be
appropriate (BITTANTE, 2011). Later BITTANTE et
al. (2013) proposed new equation using the 4-parameter
for modeling an extended observation of CF that was
derived by the 3-parameter equation (BITTANTE,
2011). The 4-parameter model is given as follows:
CFt = CFp+ [1— effor * (R 4 oKsr = (c-RCT) A3)
Where the new parameter K, is the curd
syneresis rate constant (min™), and RCTeq, the rennet
coagulation time (min). According to the authors, this
model uses all available information to estimate the 4
parameters; these are not single-point measurements and
they are; therefore, less interdependent than the traditional
MCP. STOCCO et al. (2015) reported that modeling of
CF can be useful in representing cheesemaking and
understanding the effects of procedure modifications.
So the MCP are important for the dairy industry; they
provide important information regarding milk quality,
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Figure 1 - (a) Representation of lactodynamographic parameters: r - rennetcoagulation time; k20 - time required in minutes for the gel to
reach aconsistency with an amplitude of 20mm; a30 - curd firmness or consistencywhich is determined in millimeters (mm)
(adapted from DEL PRATO, 2001); (b) Typical lactodynamographic curve shapes (ANNIBALDI et al., 1977).
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cheese processing and cheese yield. The application of
IAC index, for example, could be adopted as a global
measure of MCP to reward producers in payment systems
(PENASA et al., 2015). This method is excellent, but
is not suitable for a great population level, so indirect
prediction, like the mid-infrared spectral analysis of milk,
seems to be a good option.

Near-infrared (NIR)

The measurements performed by the
Optigraph (OPT, Ysebaert, Frépillon, France) are not
based on a rheological method, but from the reading
of an optical signal in the wavelength of near-infrared.
Pendulums submerged in the milk samples used for the
lactodynamographic analysis were replaced by sensors
that record absorbance at a single wavelength in near-
infrared (NIR) of a sample, during induced coagulation
by heating and addition of rennet (KUBARSEPP
et al., 2005a). During coagulation, the light emitted
through milk gradually weakens as a function of
changes in the structure of the micelle casein. OPT
calculates the coagulation parameters (clotting time,
curd firmness and the speed of aggregation) by means
of certain characteristic points extracted from the
optical information (UNITY SCIENTIFIC, 2009),
and the optical values are then processed to simulate
traditional parameters. Because of the different scales
used by OPT the curd firmness value from the optical
signal (volts) is transformed into values for a30
(mm) using a calibration equation (KUBARSEPP
et al,, 2005a) to obtain data comparable with the
same unit. Each analysis is performed with a 10mL
of milk volume. However, the data obtained by the
OPT are still somewhat irregular. In short, using this

type of instrument is promising, but an improvement
is necessary in terms of repeatability and practical
significance (BITTANTE et al., 2012).

Mid-infrared (MIR)

The mid-infrared spectroscopy (MIR)
involves measuring the absorption intensity of a
sampleat wavelengths in the spectral range from
4000 to 200cm™. Most countries use this technique in
official analysis to determine levels of protein, casein,
fat, lactose, urea (DE MARCHI, 2014) and it has also
been proposed for major fatty acids (RUTTEN et al.,
2009) and mineral composition (SOYEURT et al.,
2009). Wave lengths between 1550 and 1570cm’!
are associated with proteins absorption (ETZION et
al., 2004); from 2800 to 3000cm™ and from 1805 to
1736cm™ with lipids absorption (COATES, 2000).
When matter is crossed by electromagnetic radiation,
bonds of molecules make movements such as vibration
and rotation and this contributes a certain absorption of
the provided energy. On the basis of supplied energy
and the amount absorbed by the irradiated sample, it
is possible to determine its chemical composition (DE
MARCHI et al., 2014), and with the introduction of
Fourier transform infrared (FT-MIR) technology in
combination with appropriate statistical procedures
like least square, principal component regression or
partial least squares it is possible to obtain more detailed
information on milk composition (AGNET, 1998). This
technology provides a low cost analysis, high output,
and possibilities of application at a large scale. MIR
spectroscopy can also be applied as an indirect method
for MCP determining without the need to induce milk
coagulation, using appropriate calibration algorithm
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(DAL ZOTTO et al., 2008). Equipment cited in the
literature are MilkoScan FT 120 and FT Milko-Scan
6000 (Fourier transform infrared spectroscopy - FTIR)
from Foss Electric (Denmark), using the spectral range
from 4000 to 900cm™!, and sample volume of 0.25mL
(BONFATTI et al, 2011b). Calibration combines
MIRS values with reference traits, for example MCP.
DAL ZOTTO et al. (2008) reported that r (min) values
to fresh milk and refrigerated milk could be provided,
with reproducibility coefficients of 93.5% and 64.6%
for r (min) and a30, respectively. DE MARCHI et
al. (2009) wrote MIRS like potential application,
using as reference, values obtained by means of a
“Computerized Renneting Meter” to determine MCP,
titratable acidity and pH in Brown Swiss cows by the
combination of different spectra in the MIRS region
and the average correlation coefficient was 0.62 for r
(min). Linear regression graph of the measured and
predicted values shows a high degree of dispersion,
which suggests that the model proposed in the study
was not accurate enough, but shows MIRS like potential
applications for non-destructive measurements and the
value of r (min). DE MARCHI et al. (2013) developed
a calibration model for predicting r, k20 and a30 and
curd firmness after 60 minutes of rennet addition using
a Formagraph as the reference instrument. In fact, the
lactodynamographic parameters have been chosen as
method standard to develop mid-infrared spectroscopy
(MIRS) prediction models (PENASA et al., 2015).
Although, the predictive value remains only moderate,
MIR could be used as a tool to evaluate MCP in a larger
population of animals and to contribute to studies of
genetic improvement. Some studies have already been
conducted with animals that show good results for the
MCP for selection of breeds with greater potential with
respect to this parameter (CASSANDRO et al., 2008).
ESKILDSEN etal. (2016) showed that concentrations of
protein fractions, as well as coagulation properties, were
predicted by applying calibrating partial least squares
(PLS) to FTIR measurements of milk samples with
coefficients of determination between 0.66 and 0.71,
respectively. The authors reported that the successful
predictions of protein fractions and properties were
based on indirect relationships with the total protein
content, but that calibration models may not be valid
for samples of a different nature. They concluded that
applying FTIR based estimates of the protein fractions
and coagulation properties for breeding purposes should
account for these indirect relationships. However,
according to STOCCO et al. (2015), in order to use it to
monitor the production chain at the dairy industry level,
further research is required with specific calibrations
based on FTIR spectroscopy.

CONCLUSION

The cheese market is growing in several parts
of the world, thus milk clotting and protein composition,
especially for the genetic variants of k-casein, and also
milk acidity are important traits for the dairy industry.
With this perspective the milk coagulation properties
(MCP) are important, since they have a positive impact
on cheese yield and could be used as indicators of
production efficiency and for milk payment systems.
The MCP can be determined by lactodynamographic
parameters: rennet coagulation time (RCT, min) and
curd firmness (a30, mm), using a Lattodinamografo®,
and are considered as an excellent overall evaluation
criterion for milk clotting. Moreover, these parameters
can be determined by near-infrared (NIR) spectroscopy,
which is a promising technique, and also by mid-infrared
spectroscopy (MIRS), which have a greater potential to
predict the MCP, and could provide faster results for
milk quality control at lower cost.
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