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Abstract: Various factors affect rennet coagulation and consequently cheese yield, but the subject
of research has been mainly the cow milk. For the purpose of goat cheese production optimization,
this paper investigated the influence of enzyme concentration (0.01–0.054 g/L), pH (6.5–6.1) and
temperature (27–35 ◦C) on rennet coagulation of goat milk. Coagulation time (RCT), aggregation
rate (AR), and gel firmness (G’60 and GF), were measured by oscillatory rheometry. The decrease
in rennet concentration extended RCT. At lower rennet concentrations, a lower AR was recorded,
which ranged from 0.02 Pa/s to 0.05 Pa/s. The decrease in pH from 6.5 to 6.1 caused a two times
shorter RCT, and a two times faster AR. There was no effect of pH on the firmness of the rennet
gel. The increase in coagulation temperature from 27 ◦C to 35 ◦C reduced the RCT of pasteurized
milk from 12.6 min to 8.6 min, and caused a linear increase in the AR, but did not significantly affect
the firmness of the gel. The present study revealed that the optimization of the rennet coagulation
process could be directed towards pH lowering, or temperature increase, since they accelerate the
process, but do not alter the examined gel firmness parameters.

Keywords: goat milk; rheology; rennet coagulation; coagulation time; aggregation rate; curd firmness

1. Introduction

The basics of the cheese structure in cheesemaking are traditionally established
through the rennet coagulation of milk and therefore the examination of the parame-
ters that define this phase in the production of cheeses is of great importance. The firmness
of the gel is the most important coagulation property because it affects the quality of cheese,
the yield and therefore, the cost-effectiveness of production. Based on the research on cow
milk it was established that a firmer curd enables better retention of milk components
and thus increases the yield of cheese. In addition, achieving a shorter coagulation time
and a higher coagulation rate would shorten the time required to make the cheese, so the
optimization of these parameters is of great importance to producers [1].

The optimal cutting time of rennet-coagulated gel in cheesemaking is determined
empirically, based on a subjective assessment of the textural and visual properties of the gel,
while the evolution of its rheological properties and cheese yield is strongly influenced by
the coagulation process itself. Some of the most important factors determining the course
of rennet coagulation are: rennet concentration, coagulation temperature, milk pH, protein
content, previous heat treatment of milk (raw material history), and ionic calcium content
Ca2+ [2,3].

Investigations on cow milk have shown that increasing the concentration of the
coagulating enzyme shortens the coagulation time, by enabling a higher level of κ-casein
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initial cleavage. A linear relationship between enzyme concentration and reciprocal value
of coagulation time was established, and an increase in gel firming rate was also associated
with higher enzyme concentration [2,4]. On the other hand, some literature data on cow
milk implies a reduction in gel firmness with increasing rennet concentration in the range
0.010–0.040 g/L [2].

Milk coagulation shows a high dependence on temperature [5]. It is known that
temperature affects both the enzymatic and non-enzymatic phase of aggregation during
milk coagulation, and it was found that this effect is far greater on the secondary phase, i.e.,
on the aggregation reaction itself [6].

According to some authors, the rate of gel formation shows a linear increase in the
range from 20 ◦C to 40–42 ◦C for cow milk, however, at higher temperatures the process
slows down. The temperature of the milk affects protein aggregation to a large extent
and increasing temperature increases the rate of gel firming (aggregation rate) [2]. Panthi
et al. [7] found that lowering the coagulation temperature results in a finer protein network,
and that a higher temperature increases the strength of the gel and the gel firming rate [7].
However, goat cheeses usually fall into the group of fresh or white unripened cheeses and
soft cheeses, because of their fragile rennet gel, and the coagulation temperature in their
production is lower than for the hard type of cheeses [8].

The effect of high temperatures on the components of goat milk, especially on proteins,
is different compared to the effect they have on cow milk, so high heat treatments of milk
can be applied in the production of goat cheese. The application of high temperatures
causes the denaturation of whey proteins and the formation of coaggregates, whereby these
components are incorporated into the cheese mass, which contributes to the increase of
goat cheese yield and improves its biological value [9].

The influence of milk pH on coagulation time is very pronounced. Lowering the pH
from 7.0 to 5.2 shortens the RCT, with the optimal pH for hydrolysis of κ-casein in the range
of 5.1–5.3 [2,4]. The most important effects of lowering the pH of milk are the dissolving of
micellar calcium phosphate, reduction in the net charge of the casein as well as dissociation
of caseins from micelles [3,10]. Additionally, it has been reported that limited pH lowering
leads to an increase in the gel firming rate [11].

The influence of factors affecting rennet coagulation has been extensively studied on
cow milk [2,7,12], while to a much lesser extent on goat milk [6]. Goat milk has certain
specificities that influence its different technological properties compared to cow milk, such
as lower isoelectric point of casein [12], higher calcium content, and different casein micelle
structure [13]. Often low protein content, especially αs1-casein in goat milk, contributes
to lower firmness of rennet coagulated gel compared to cow milk, and also to lower
production yield due to higher losses during curd processing [8]. Furthermore, high heat
treatment of goat milk has a different effect on milk components, primarily proteins [14]
and the coagulation process [15]. Despite the foregoing, goat milk products are usually
produced based on technological procedures which apply to cow milk [16].

Therefore, as a subject of this study, the examination of various factors on the rennet
coagulation of goat milk and the properties of the resulting gel was imposed. It was of
interest to investigate how the lowering of milk pH, or different rennet concentrations
and coagulation temperature would affect rheological parameters of goat milk gel and
the course of coagulation. New information would serve as the basis for optimization of
technological parameters in goat cheese production.

2. Materials and Methods
2.1. Materials

The raw milk used in these experiments was taken from a commercial flock of Alpine
goats during the autumn period.

Immediately after milk collection, basic composition was determined by the follow-
ing methods: total solids—by standard drying method at 102 ± 2 ◦C [17]; fat content—
according to the Gerber method [18]; protein content—by the Kjeldahl method [19]. The
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pH was measured using a calibrated digital pH-meter (Consort, Turnhout, Belgium). Three
replicates of these analytical determinations were carried out.

Veal rennet powder was used for rennet coagulation (Caglificio Clerici, 96% chymosin,
4% bovine pepsin, 765 to 1620 IMCU/g, optimal action temperature 35 ◦C, Clerici-Sacco
Group, Cadorago, Italy).

2.2. Preparation of Milk Samples

Factors examined in this study were: (i) heat treatment of goat milk (raw or pasteurized
milk at 65 ◦C/30 min) and (ii) the other factor varied depending on the experiment and
comprised the concentration of rennet, pH and coagulation temperature.

A fixed conditions of milk sample preparation: pasteurization regime (65 ◦C/30 min),
coagulation temperature (31 ◦C), milk pH (6.5), rennet (0.054 g/L) and calcium chloride con-
centration (0.2 g/L added to pasteurized milk at coagulation temperature), were employed
as reference conditions for milk coagulation [20,21].

2.2.1. Examination of Rennet Concentration Influence

Prior to coagulation, all described fixed conditions were applied, except the con-
centration of rennet. Coagulation was initiated by adding the four different levels of
rennet concentrations to milk (0.054 g/L, 0.020 g/L, 0.015 g/L and 0.010 g/L), which was
preheated at coagulation temperature.

2.2.2. Examination of pH Influence

The pH value of goat milk was adjusted to 6.5, 6.3 and 6.1 at the coagulation tem-
perature (31 ◦C), by adding the appropriate amount of 10% (v/v) lactic acid to raw milk
samples. The pH of pasteurized milk was adjusted after adding calcium chloride (0.2 g/L).

2.2.3. Examination of Coagulation Temperature Influence

The milk was divided in two equal parts. The first part was not subjected to heat treat-
ment, and the second part was pasteurized by a low pasteurization regime (65 ◦C/30 min).
The raw and pasteurized samples were heated to the appropriate coagulation temperature
(27 ◦C, 31 ◦C and 35 ◦C).

For each set of experiments, milk was taken for three consecutive weeks so that the
experiment was repeated three times.

2.3. Rheological Measurements

The rennet coagulation was monitored by the oscillatory rheometry with small ampli-
tude on the Kinexus Pro+ Rheometer (Malvern, Worcestershire, UK) with the four blade
vane as a tool. The measurement started 4 min after the rennet addition by inserting the
sample into the lower part of the geometry which had previously been tempered to the
coagulation temperature. Gel formation was monitored at an oscillation frequency of 1 Hz
and a deformation of 0.01% for 60 min by measuring the modulus of elasticity (G’). To
characterize the final curd firmness, a subsequent frequency sweep test was performed in
the range of 0.01–20 Hz at deformation of 0.01% at 31 ◦C.

Based on the obtained graphs, the aggregation rate (AR) was calculated according to
Steffl et al. [22]. Gel firmness was determined according to the method of Wang et al. [23]
by measuring the modulus of elasticity after 60 min (G’60) since the start of measurement.
Another parameter describing final gel firmness (GF) was obtained as a value of G’ modulus
recorded at 1.5 Hz from the frequency sweep test, based on the method by Dimassi et al. [24].

Coagulation time (RCT) was calculated as the moment when the value of the modulus
of elasticity (G’) ≥ 1 Pa [25].

These parameters were calculated using OriginPro 8.0 (OriginLab Corporation,
Northampton, MA, USA). All experiments were done in triplicate and measurements
at least twice.
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2.4. Statistical Analysis

Two-way analysis of variance (ANOVA) was performed to determine the significant
effect of factors as well as their interactions on examined parameters—coagulation time,
aggregation rate and modulus of elasticity after 60 min, as an indicator of gel firmness. In
this regard, one factor was the heat treatment of goat milk (raw or pasteurized) and the
other factor: the concentration of rennet, pH or coagulation temperature, depending on
the experiment. Comparison of means within groups was performed with post hoc Tukey
HSD test or LSD test, using Statistica 10.0 (Stat Soft. Inc., Tulsa, OK, USA) software.

3. Results and Discussion
3.1. Influence of Rennet Concentration

The parameters of the physicochemical composition of raw milk from this part of the
experiment were as follows: 3.60 ± 0.17% protein, 4.57 ± 1.46% milk fat, 13.27 ± 2.07% dry
matter and pH 6.54 ± 0.02.

Based on the results shown on Figure 1, it can be observed that the influence of rennet
concentration on coagulation time (RCT) was significant in both raw and pasteurized milk.
The decrease in rennet concentration significantly prolonged the coagulation time when
comparing the average RCT values between all four levels of this factor. Also, a significant
difference in coagulation time was found between raw and pasteurized milk at lower rennet
concentrations (0.010–0.020 g/L). Thus, the assumption that increasing the concentration
of rennet would shorten the coagulation time was also confirmed in goat milk, which is
in accordance with the results published by Bencini [26] for cow and sheep milk. This
conclusion is not surprising given that the primary phase of coagulation is a first-order
enzymatic reaction whose rate depends on the enzyme concentration.
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Figure 1. Influence of rennet concentration and heat treatment of milk on rennet coagulation time RCT
(min). Values with different lowercase letters (a, b, c, d) represent differences between levels of rennet
concentrations, different uppercase letters (A, B) represent differences between milk heat treatments
(raw/pasteurized). Mean comparisons were performed with the Tukey HSD test (p < 0.05).

Nájera et al. [2] investigated the coagulation properties of cow milk and they have
observed that the concentration of rennet has a very pronounced effect on shortening
the coagulation time when it increases in the range of 14–56 IMCU/L (equivalent to
0.01–0.04 g/L), after which further increase has no effect and RCT tends to constant value.
As can be seen from Figure 1, considering goat milk, higher enzyme concentrations continue
to shorten RCT.

Regarding gel firmness, Najera et al. [2] reported that an increase in the concentration
of enzyme produced a slight decrease in curd firmness, particularly when the enzyme
concentration was risen from 0.010 g/L to 0.040 g/L, as opposed to our results, where gel
firmness parameters (G’60 and GF) increased in the concentration interval 0.010–0.054 g/L.
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Furthermore, it is evident that more than a double increase in the concentration of
rennet (from 0.020 to 0.054 g/L) did not significantly influenced gel firmness parameters
(G’60 and GF), but neither did cause a decrease as the aforementioned authors reported
(Figure 2), for the both raw and pasteurized milk. The reduction of the rennet concentration
to 0.015 g/L, caused significantly lower G’60 of the pasteurized milk gel, while this differ-
ence was not detected with a frequency sweep test. Both gel firmness parameters were
significantly reduced by a further concentration drop up to 0.010 g/L, considering raw as
well as pasteurized milk. The results on Figure 2 illustrate that the increase in gel firmness
with increasing rennet concentration was sharper for the pasteurized gel compared to that
of the raw milk. Additionally, there is a significant effect of heat treatment of milk on
both G’60 and GF parameters at two concentration levels (0.015 and 0.020 g/L), indicating
higher values of modulus of elasticity when milk was pasteurized.The results obtained
by this experiment indicate that increasing the concentration of rennet to a certain extent
significantly affects the firmness of rennet gel from goat milk and that the pasteurization of
milk leads to higher values of gel firmness expressed as GF and as G’60 when the rennet
concentrations are 0.015 and 0.020 g/L.
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Figure 2. Influence of rennet concentration and heat treatment of milk on: (a) gel firmness G’60 (Pa)
and (b) GF (Pa). Values with different lowercase letters (a, b, c, d) represent differences between
levels of rennet concentrations, different uppercase letters (A, B) represent differences between milk
heat treatments (raw/pasteurized). Mean comparisons were performed with the Tukey HSD test
(p < 0.05).

Since the role of rennet is to hydrolyze κ-casein and release the macropeptide, its
concentration should affect the firmness of rennet gel only if rennet is a limiting factor,
i.e., if there is not enough enzyme to perform hydrolysis. The rennet present in a limiting
amount restricts the formation of the gel because a smaller number of calcium bridges can
be established between casein micelles and consequently, a much softer and weaker rennet
gel is formed [26].

The concentration of rennet significantly affected the aggregation rate (AR), so that
lower aggregation rates were recorded at lower rennet concentrations (Figure 3). A signifi-
cant effect of heat treatment of milk was recorded (p < 0.05), with a lower rate of aggregation
observed in the coagulation of raw milk. There was found significant difference in AR
between concentration levels 0.010 and 0.020 g/L, whereas 0.054 g/L resulted in the highest
AR values.
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The rate of aggregation of casein micelles depends on the concentration of micelles in
milk [27] and this factor should be taken into account when comparing the results of the
aggregation rate for goat milk with other types of milk. A higher aggregation rate indicates
faster solidification (maturation) of the milk gel. Bencini [26] found that the concentration
of rennet did not have a significant effect on the rate of hardening of the gel from sheep
milk, which is characterized by a significantly higher content of casein micelles, while this
effect was observed in cow milk. However, when drawing conclusions about the influence
of certain factors on rennet coagulation of different types of milk, it should be borne in
mind that the high casein content in sheep milk is the dominant factor prevailing over other
parameters, and that a different experimental design (casein content adjustment) would
probably gave different results. According to other authors, a progressive increase in the
rate of hardening of rennet gel from goat [6] and cow milk [2] was observed with increasing
enzyme concentration.

3.2. Influence of Milk pH Value

The basic parameters of the physico-chemical composition of raw milk used for this
part of the study were as follows: 3.21 ± 0.15% protein, 3.64 ± 0.32% milk fat, 12.03 ± 0.41%
dry matter and pH 6.54 ± 0.04.

The lowering of the milk pH caused a significant shortening of the coagulation time
(Figure 4). Also, a significant difference in RCT was found between raw and pasteurized
milk at pH 6.5, with a shorter time being recorded for pasteurized milk. Observed effect of
pH on RCT is consistent with published results for cow and sheep milk, where coagulation
times were also shorter if milk pH was lowered [26]. Lowering the pH of cow milk is
associated with achieving shorter coagulation times and better rennet gel consistency [28].

The current study did not show a significant effect of pH on rennet gel firmness (G’60
and GF) as presented on the Figure 5. There was no statistical difference between raw and
pasteurized milk for the values of this parameter. Similarly, Nájera et al. [2] also found no
significant effect of pH on the firmness of rennet gel from cow milk.
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Figure 5. Influence of milk pH and heat treatment of milk on: (a) gel firmness G’60 (Pa) and (b) GF
(Pa). Values with lowercase letters indicate no differences between levels of milk pH, and uppercase
letters indicate no differences between milk heat treatments (raw/pasteurized). Comparison of means
was performed by LSD test (p < 0.05).

A lower pH increases the affinity between micelles by reducing their surface charge
and thus promotes the aggregation process during the secondary coagulation phase [11].
The aggregation rate increased significantly at the point where pH decreased from 6.5 to
6.3 of both raw and pasteurized milk, but with no further increase (Figure 6). There was a
statistically significant difference in aggregation rate between raw and pasteurized milk
only at pH 6.5. On the other hand, Bencini [26] found a very strong effect of lowering the
pH on the increase of the gel firming rate in cow milk, while in the case of sheep milk, the
pH had no effect on the examined parameter.
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Figure 6. Influence of pH and heat treatment of milk on aggregation rate AR (Pa/s). Values with
different lowercase letters (a, b) represent differences between the pH levels of the same milk, different
uppercase letters (A, B) represent differences between milk heat treatments (raw/pasteurized).
Comparison of means was performed by LSD test (p < 0.05).

Nájera et al. [2] examined the influence of a number of factors on the properties
of rennet coagulation of cow milk and multivariate analysis established that of all the
examined factors, pH had the most pronounced influence on the coagulation time and the
gel firming rate. Similar to the results of our research Balcones et al. [29] also reported that
lowering the pH of sheep milk shortens the coagulation time and increases the firming rate
of the rennet gel.

3.3. Influence of Coagulation Temperature

The basic parameters of the physico-chemical composition of raw milk used in this
part of the experiment were as follows: 3.60 ± 0.17% protein, 4.57 ± 1.46% milk fat,
13.27 ± 2.07% dry matter and pH 6.54 ± 0.02.

The coagulation temperature had a significant effect on the coagulation time (RCT)
of both raw and pasteurized milk, i.e., with increasing temperature, the RCT was shorter
(Figure 7). No significant differences were found in RCT among raw and pasteurized milk
when observed at the same coagulation temperature.
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Figure 7. Influence of coagulation temperature and heat treatment of milk on rennet coagulation
time RCT (min). Values with different lowercase letters (a, b, c) represent differences between the
coagulation temperature levels of the same milk, uppercase letters indicate no differences between
milk heat treatments (raw/pasteurized). Comparison of means was performed by Tukey HSD test
(p < 0.05).
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Similar to these results, Bencini [26] reported that an increase in coagulation tempera-
ture from 30 to 38 ◦C caused a shortening of the coagulation time in both cow and sheep
milk. Also, Castillo et al. [6] examined the factors influencing the coagulation of goat milk
and found the same trend in terms of RCT, when increasing coagulation temperature from
28 to 36 ◦C.

Based on the results on the Figure 8, it can be concluded that in this study neither
the coagulation temperature nor the milk heat treatment significantly affected the rennet
gel firmness parameters (G’60 and GF). The literature data on the effects of coagulation
temperature on this parameters varies and depend on the type of milk on which the test
was performed, as well as on the moment at which the gel firmness was measured. Thus,
Bencini [26] pointed out that the effect of coagulation temperature on the consistency of
rennet gel was significant only in cow milk, where the increase in temperature caused
higher consistency values, as opposed to sheep milk where it was found that temperature
had no effect on this parameter. Nájera et al. [2] by multivariate analysis of coagulation
factors of cow milk demonstrated that the coagulation temperature was of the greatest
importance for predicting the parameters for coagulum as well as for curd. These authors
suggested that with the increase of the coagulation temperature, also a progressive increase
in the curd firmness was recorded. On the other hand, Storry and Ford [30] noted a decrease
in rennet gel firmness with increasing coagulation temperature.
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(Pa) and (b) GF (Pa). Values with lowercase letters indicate no differences between levels of milk
pH, and uppercase letters indicate no differences between milk heat treatments (raw/pasteurized).
Comparison of means was performed by Tukey HSD test (p < 0.05).

The coagulation temperature had a significant effect on the aggregation rate (Figure 9),
where the increase in temperature caused a linear increase of this parameter. On the other
hand, the heat treatment of milk did not significantly affect AR.

The secondary coagulation phase accelerates 1.3–1.5 times with each higher degree
as the coagulation temperature increases, so that the effect of increasing the coagulation
temperature is much more significant for the aggregation phase. It was found that in
cow milk, higher coagulation temperatures shorten the coagulation time and increase the
rate of rennet gel formation [2], as they are close to the optimal temperature of coagulant
activity. The literature data on this temperature range varies, so Mistry [31] suggests
40–45 ◦C, and Miocinovic [32] reports that the optimal temperatures for coagulant activity
are in the 38–40 ◦C interval. Furthermore, this author states that lowering the coagulation
temperature to 32 ◦C only slightly reduces the reaction rate, while at temperatures below
25 ◦C the coagulation time is significantly extended. Kumar et al. [33] published that the
optimum temperature varies from 30 to 50◦C. Nevertheless, the optimal temperature for
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coagulant activity is not suitable for cheese making, and the rennet coagulation generally
occurs at 30–35 ◦C [31].
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Bencini [26] found that the increase in coagulation temperature (from 30 to 34 and
38 ◦C) slightly increased the firming rate of cow milk gel, while there was practically no
effect on the rate of firming of sheep milk gel. The rate of firming had a linear increase with
increasing coagulation temperature of cow milk gel according to other authors also [2].

Table 1 shows the significance of the examined factors’ influence (rennet concentration,
pH, coagulation temperature, milk heat treatment) on all evaluated parameters. Factors
were observed individually and the significance is presented as p-value in the table.

Table 1. Influence of individual factors on measured parameters for each set of experiments.

RCT AR G’60 GF

MHT <0.01 <0.05 <0.01 <0.01
Rennet concentration <0.01 <0.01 <0.01 <0.01

MHT <0.05 <0.05 ns ns
pH <0.01 <0.01 ns ns

MHT ns ns ns ns
CT <0.01 <0.01 ns ns

Influence of examined factors at the level of significance p < 0.05 and p < 0.01; ns—not significant; MHT—milk
heat treatment; CT—coagulation temperature.

4. Conclusions

The decrease in rennet concentration extended the RCT and reduced the AR. Contrary
to some literature data, a significant increase in gel firmness parameters has been recorded
with the rise in concentration up to a certain level or remained unchanged in the examined
range. This would be interesting to examine in more detail in further research, concerning
the differences between cow and goat milk.

The decrease in pH from 6.5 to 6.1 caused two times shorter RCT and two times higher
AR. There was no significant effect of pH on the firmness parameters of the rennet gel.

The increase of coagulation temperature significantly reduced the RCT, as well as
increased the AR, of both raw and pasteurized milk, without affecting gel firmness.

Bearing in mind that goat milk cheese is mainly produced by craft cheesemakers,
it is of importance that there is a wider range of pH and temperature that would not
significantly affect gel firmness, which would allow achieving a similar yield of cheese.
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