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  ABSTRACT 

  This work aimed to identify technological steps that 
can increase fat hydrolysis and volatile compounds 
production in hard cheeses; these biochemical events 
have been related with improved piquant taste and 
development of genuine flavor during cheese ripening. 
For that purpose, 2 different pretreatments of cheese 
milk were tested: heat treatment and mechanical agita-
tion. Both factors were assayed at 2 levels: milk was 
either batch pasteurized or nonthermally treated, and 
mechanical agitation was either applied or not applied. 
For all combinations, hard cheeses (Reggianito type) 
were produced in a pilot plant and ripened for 90 d. 
In all cheeses the degree of lipolysis, assessed by gas 
chromatography, increased similarly during ripening. 
However, the proportion of short-chain fatty acids was 
higher in the cheeses made with unpasteurized milk, 
suggesting a higher activity of lipases with positional 
specificity toward the sn-3 position of the triglyceride, 
among which milk lipoprotein lipase is found. Similar 
results were found for most of the volatile compounds, 
determined by solid-phase microextraction–gas chroma-
tography flame-ionization detector/mass spectrometry, 
which constitute the groups of ketones, alcohols, esters, 
and the group of acids. On the contrary, no effect of 
mechanical agitation was observed, although some in-
teractions between factors were found. In the conditions 
of the study, results suggest that heat treatment had a 
higher effect on cheese lipolysis and volatile compounds 
production than partial destabilization of the fat emul-
sion produced by the agitation method applied. 
  Key words:    milk pretreatment ,  cheese ripening ,  li-
polysis ,  volatile compound 

  INTRODUCTION 

  During cheese ripening, a large number of flavor 
compounds appear as a result of a complex biochemical 

process, which includes both proteolytic and lipoly-
tic degradation of milk constituents (Le Quéré and 
Molimard, 2003). Lipolysis is a particularly important 
pathway in some varieties of cheeses. In hard-cooked 
cheeses, such as Reggianito, moderated lipolysis is 
desirable because it imparts a characteristic flavor to 
the product. Reggianito is an Argentinean traditional 
cheese that was introduced by Italian immigrants in the 
19th century. It was inspired by Italian hard cheeses, 
but the cheese-making technique was modified and 
adapted to available raw materials and environmental 
conditions to give a distinctive product (Zannoni et al., 
1984; Candioti et al., 2002). Reggianito cheese is usu-
ally made with pasteurized milk using natural whey 
starters. More recently, starters of Lactobacillus helveti-
cus, both lyophilized and frozen, became commercially 
available; they are usually combined with organic acids 
or acidogens because some acidification of cheese milk 
is required before coagulation. Chymosin is used as a 
milk clotting enzyme, although some dairy plants still 
use adult bovine rennet; milk clotting enzymes formu-
lations for Reggianito cheese do not include lipolytic 
enzymes. The cooking step is performed at somewhat 
lower temperature (≈ 52°C) than in Italian hard-cooked 
cheeses, and cheeses are much smaller than Parmigiano 
Reggiano and Grana Padano. Their usual weight is 
around 5 kg. 

  Free fatty acids may contribute to flavor by them-
selves, especially short- and intermediate-chain FFA; in 
addition, they also act as precursors for further reac-
tions, which produce volatile compounds that play an 
important role in cheese aroma. The amount of FFA ac-
cumulated during ripening is considered to be an overall 
measure of lipolysis and is quite variable depending on 
the type of cheese, lactic and secondary starters, rennet 
type used, ripening time, and manufacturing technol-
ogy, among other factors (McSweeney and Sousa, 2000; 
Collins et al., 2003). 

  The origins of enzymes responsible for lipolysis in 
cheese include the indigenous milk lipase (lipoprotein 
lipase; LPL), rennet preparation (rennet paste), and 
microbes that develop during cheese ripening either 
intentionally (starter bacteria and specific molds or 
yeasts) or unintentionally (nonstarter acid bacteria and 
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adventitious molds or yeasts that should not be present 
at significant numbers; Collins et al., 2003). The activ-
ity of the lipolytic enzymes and the physicochemical 
state of fat fraction in the cheese matrix is primarily 
responsible for the extent of lipolysis (Collins et al., 
2003).

Milk fat is in the form of globules, ranging from 
0.1 to 10 μm in diameter, surrounded by a thin layer 
of surface-active material called the milk fat globule 
membrane (MFGM). Therefore, this membrane acts 
as a natural barrier isolating the enzymes from its 
substrate. However, if this membrane is damaged by 
physical treatments (e.g., homogenization, agitation, 
foaming, freezing), significant lipolysis may occur 
(Evers, 2004a). The homogenization of milk for Dan-
ablu cheese is an example in which lipolysis is improved 
by modifying the integrity of MFGM (Werner et al., 
1993). In particular, the effect of agitation (stirring or 
pumping) is dependent on other factors such as tem-
perature, the presence of air, and the fat content. The 
stability of the globules decreases with the presence of 
air bubbles, causing disruption of them. In addition, at 
temperatures below 40°C, fat begins to crystallize and 
the crystals can cause local structural changes to the 
membrane. Therefore, mechanical treatments can bring 
the enzymes into contact with the fat globule core fat.

On the other hand, heat treatment applied to cheese 
milk dramatically modifies the microbiota, denatures 
enzymes and serum proteins, and modifies renneting 
properties of milk, affecting cheese quality (Lawrence et 
al., 1993). Several works have studied the influence of 
heat treatment on lipolysis and volatile compounds in 
different cheese varieties. It was demonstrated that the 
levels of FFA in raw milk cheeses were reduced by heat 
treatment applied at different conditions of tempera-
ture and time (Buchin et al., 1998; Pinna et al., 1999; 
Shakeel-Ur-Rehman et al., 2000; Barron et al., 2007; 
Hickey et al., 2007; Atasoy and Türkoğlu, 2009).

As for volatile compounds, pasteurization generally 
reduces levels of volatile compounds, such as alcohols, 
aldehydes and ketones, esters, and fatty acids (Skeie 
and Ardö, 2000; Ortigosa et al., 2001). However, higher 
levels of ketones, particularly methyl-ketones, have been 
found in cheeses made with pasteurized milk (Barron 
et al., 2007)

This work was aimed to identify technological steps 
that can increase fat hydrolysis and volatile compounds 
production in hard cheeses, with a view to potential 
applications such as accelerating cheese ripening or in-
tensifying cheese piquant taste. We tried 2 different ap-
proaches: to improve the access of lipases and esterases 
to triglycerides and to avoid the thermal denaturation 
of enzymes by applying different pretreatments to 
cheese milk.

MATERIALS AND METHODS

Experimental Design
The influence of 2 different factors on lipolysis and 

production of volatile compounds was assessed: heat 
treatment of the milk and mechanical agitation of cream, 
before standardizing fat content in the cheese-making 
milk. Both factors were studied at 2 levels, totaling 4 
treatments: cheeses made with pasteurized milk and 
nonagitated cream (control; PN), cheeses made with 
pasteurized milk and cream treated by agitation (PA), 
cheeses made with unpasteurized milk and nonagitated 
cream (UN), and cheeses made with unpasteurized 
milk and treated cream (UA). Four replicate cheese-
makings were performed on different days with differ-
ent milk.

Pretreatment of Cheese Milk
Raw bulk milk [40 L; pH 6.60 ± 0.05; acidity 18 ± 

1°D (1 D = 100 mg/L of lactic acid)] was supplied by 
a nearby dairy plant. A volume of milk was centrifuged 
(500 × g, Alfa Laval, Lund, Sweden) at a flow of 40 
L/h and at 40°C, and skim milk (<0.5% of fat content) 
and cream (approximately 50% of fat content) were 
obtained. These fractions were mixed to obtain a milk-
milk fat substrate with 30% fat, which was treated by 
agitation to induce controlled damage to the fat globule 
membrane in order to improve the accessibility of lipases 
to triglycerides. For that purpose, the mix of milk-milk 
fat was cooled at 5°C and agitated mechanically in an 
industrial blender (Metvisa, Santa Catarina, Brazil) at 
2,800 rpm for 2 min. Samples treated in this way were 
labeled as agitated, and untreated samples (controls) 
were included and labeled as nonagitated.

Cheese milk was obtained by diluting the milk-milk 
fat substrate to 3% fat with skim milk. The skim 
milk was obtained from either centrifugal separation 
or “natural creaming” for 12 h. The first was used to 
manufacture cheeses with pasteurized milk. Natural 
creaming was employed for the cheeses with unpasteur-
ized milk to reduce microbial load without applying 
thermal treatment.

The procedure was similar to that used in Italian 
cheeses, like Parmigiano Reggiano and Grana Padano, 
in which milk is partially skimmed for about 8 to 12 h. 
Milk is left in shallow separation basins overnight and 
the fat that rises naturally to the surface is creamed 
off. The skim milk is collected from the bottom of the 
basins. During this process, the microbial content of 
the milk is reduced (Battistotti and Corradini, 1993).

Cheese-Making Trials
The standard process of Reggianito cheese-making 

was adapted to laboratory scale and applied to obtain 
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miniature hard-cooked cheeses in a clean but not asep-
tic environment (Hynes et al., 2004). Four vats (5 L 
capacity) were operated simultaneously; 1 cheese of 
about 0.5 kg was obtained from each vat.

In the first and second treatments (PN and PA chees-
es), milk was pasteurized by heating at 65°C for 20 min 
in the vats and then cooled to 33°C. In the third and 
fourth treatments (UN and UA cheeses), the milk was 
not pasteurized but rather was heated to 33°C. After 
that, CaCl2 (Merck, Darmstadt, Germany) was added 
at a final concentration of 0.014% to milk. Milk pH 
was adjusted to the target value for Reggianito cheeses 
(6.30) with lactic acid (1.5%); after that a mixed com-
mercial starter of Lactobacillus helveticus and Lacto-
bacillus bulgaricus (Chr. Hansen Argentina, Quilmes, 
Argentina) was added in a concentration of 106 cfu/
mL of milk. After manual stirring, 70 mg of chymosin 
(Maxiren 150, Gist, Boulogne-Billancourt, France) pre-
viously dissolved in 10 mL of distilled water was added. 
Coagulum formation and strengthening took 18 to 20 
min, after which curd was cut to the appropriate grain 
size and the mixture of the curds and whey was stirred 
and heated at 0.5°C/min until it reached 44°C to reduce 
moisture in the curd grains. After that, the mixture was 
more rapidly heated to 52°C (1°C/min) and stirring 
was stopped. The curds were separated from the whey 
and placed in molds, pressed for 20 h, and brined for 12 
h in saturated brine at 12°C. Cheeses were ripened 90 d 
at 85% relative humidity and 12°C; after the first 2 wk 
they were wrapped in plastic film to avoid overdrying. 
Samples were taken on d 3 and 90 according to IDF 
standard method 50C (IDF, 1995) and were stored at 
−18°C until analysis.

Free and Total Fat Analysis

Free fat was assessed in the agitated and nonagitated 
milk-milk fat substrates and in the whey obtained from 
cheese-makings by centrifugation. Centrifugal separa-
tion makes use of a difference of density between fat 
that has escaped from the fat globule and fat that is still 
surrounded by the native membrane (Evers, 2004b).

Before sampling, the substrates were warmed in a 
bath at 40°C for 15 min and thoroughly homogenized 
by repeated inversion of the containers. Then, 40 mL 
was weighted in 50 mL-tubes and maintained at 60°C 
for 15 min, then centrifuged at 600 × g for 10 min 
and placed again in the bath at 60°C for 5 min (Evers, 
2004b). Finally, the height of the free fat layer was mea-
sured with a caliper. Total fat in whey was analyzed by 
IDF method 22A (IDF, 1983).

Global Composition of Cheeses  
and Microbial Counts

Cheese samples were analyzed at the beginning (3 d) 
and at the end (90 d) of ripening for pH by the Ameri-
can Public Health Association method (Bradley et al., 
1992), DM by oven drying to a constant weight at 102 
± 1°C by IDF standard 4A (IDF, 1982), fat according 
to Gerber-Van Gulik ISO method 3433 (ISO, 1975), 
and protein content by Kjeldahl method (IDF, 1993). 
All analyses were performed in duplicate.

Total thermophilic lactic flora at 0 (fresh curd), 3, 
and 90 d of ripening was determined by plating sample 
dilution on skim milk agar and counting plate colonies 
after 48 h of incubation at 37°C (Candioti et al., 2002). 
Coliforms were enumerated on Bile Red Violet agar and 
the plates were incubated for 24 h at 30°C (Christen et 
al., 1992).

FFA Analysis by GC-Flame Ionization Detector

Extraction of cheese lipids, isolation of FFA, and de-
rivatization to ethyl esters were performed in duplicate 
as described by Perotti et al. (2005) with minor modi-
fications. Fatty acids ethyl esters were analyzed using a 
PerkinElmer model GC-9000 series gas chromatograph 
(PerkinElmer Corp., Waltham, MA) equipped with a 
flame ionization detector (FID) and with a split/split-
less injector. Free fatty acids were separated on a fused 
silica capillary column (60 m × 0.25 mm; PE-Wax, 
PerkinElmer Corp.) coated with a bonded polyethylene 
glycol stationary phase (0.25 μm layer thickness). Gas-
chromatographic parameters were as follows: carrier 
gas N flow at 2 mL/min; injected amount at 1μL; split 
mode injection at 1:50 splitting ratio; injector and de-
tector temperatures at 250 and 300°C, respectively; oven 
temperatures running from 75°C (1.5 min) up to 150°C 
(10 min) at 8°C/min, then increased to a final tempera-
ture of 230°C (15 min) at 10°C/min. The quantification 
(C4:0–C18:2) was performed using the internal standard 
method, with enantic (C7:0) and margaric (C17:0) acids 
(Sigma-Aldrich, St. Louis, MO) as internal standards 
added to the cheese sample at the extraction step.

The FID outsignal was recorded and the chromato-
grams were processed using Turbochrom software (ver-
sion 4, Perkin Elmer Corp.). The concentrations were 
expressed as milligrams of FFA per 100 g of fat.

Volatile Compounds by GC-FID/MS

A manual solid-phase microextraction (SPME) de-
vice equipped with a Stable-Flex divinylbenzene/car-
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boxen/polydimethylsiloxane (1 cm × 50/30 μm; Supel-
co, Bellafonte, PA) was used to isolate and concentrate 
the volatile compounds. Five grams of grated cheese 
was weighed in a 30-mL glass vial and hermetically 
sealed with an aluminum seal and butyl-Teflon septa. 
The vials were maintained at 40 ± 1°C for 10 min and 
then the fiber was exposed to the headspace for 15 min. 
After exposure, the fiber was thermally desorbed into 
a GC and left in the injection port (equipped with an 
inlet liner, 0.75 mm i.d.) for 5 min. The injector was set 
at 250°C and operated in the splitless mode.

The same instrument and column described in the 
FFA Analysis section were used to obtain information 
on volatile compounds peak areas (expressed as arbi-
trary units) and to compare the profiles of different 
cheeses. The oven temperature program was as follows: 
45°C (4 min), 8°C/min to 150°C (3 min), and 10°C/min 
to 250°C (5 min). The carrier gas N flow was 2 mL/min 
and the detector temperature was 300°C.

Another GC, coupled to an ion trap mass spectrom-
eter (GC-MS Shimadzu QP-5000, Shimadzu Corp., 
Tokyo, Japan), was used to identify the compounds, 
keeping the same chromatographic conditions and with 
the same column as the CG-FID analysis. Mass spectra 
were obtained with 70 eV electron impact ionization 
(electron ionization mode). The mass range used was 
42 to 300 m/z (scan rate 250 amu/s). The identification 
of volatile compounds was performed by matching mass 
spectra with NIST-62 library of standard compounds 
(National Institute of Standards and Technology, 
Gaithersburg, MD). Both mass spectrometric identifi-
cations and chromatographic peaks of FID were further 
confirmed by comparing retention times with reference 
standards (Sigma-Aldrich) or bibliographical data. The 
results were expressed as peak areas in arbitrary units. 
The analysis was performed in duplicate in cheeses at 
the end of ripening.

Statistical Analysis

The SPSS software (version 10.0, SPSS Inc., Chi-
cago, IL) was used for the statistical analysis. Two-
way ANOVA was carried out on data of compositional 
parameters, FFA and volatile compound profiles, using 
a general linear model procedure with least significant 
difference pairwise comparison at 95% confidence 
level.

RESULTS AND DISCUSSION

Efficiency of Mechanical Treatment  
on Fat Globule Membrane Damage

The term free fat is used to denote a particular pa-
rameter that has been claimed to correlate with the de-

gree of damage to fat globules (Evers, 2004b). However, 
it is controversial because it is believed that free fat 
cannot exist in milk for more than a few fractions of a 
second before being covered by surface-active material 
present in milk plasma (Walstra et al., 1999). 

In the present work, we understand by “free fat” a 
method-defined parameter: the fat extracted by cen-
trifugation in the chosen and fixed conditions (Evers, 
2004b). Free fat was found only in milk-milk fat sub-
strates in which stirring treatment was applied (agitated 
mixtures). The height of free fat layer ranged between 
7.8 and 8.9 mm in agitated samples, whereas no free fat 
layer was visible in nonagitated samples. These results 
showed that the mechanical treatment was efficient at 
producing membrane damage to the globules, which 
could allow a greater accessibility of enzyme substrate.

As for retention of fat in curd matrix, no significant 
differences (P < 0.05) were found in the total fat con-
tent of whey samples from nonagitated and agitated 
cheeses, mean values being 0.45 ± 0.03 and 0.50 ± 
0.02%, respectively. This observation implies that me-
chanical treatment did not increase fat loss in the whey. 
However, free fat analysis in whey samples showed some 
nonquantifiable differences: drops of free fat appeared 
in whey from agitated cheeses after centrifugation, 
which were not observed on the surface of whey from 
nonagitated cheeses.

Global Composition of Cheeses  
and Microbial Counts

Global composition of 3-d-old cheeses was similar to 
that previously reported for this type of cheese (Can-
dioti et al., 2002). The effect of treatments on global 
composition was observed both at the beginning of the 
ripening and after 90 d. Consequently, only 90-d-old 
cheeses composition is shown (Table 1). All the values 
were within the range established by Argentinean legis-
lation for Reggianito cheese (ANMAT, 2009).

Moisture content of all cheeses decreased during rip-
ening, as was expected because of water evaporation 
before vacuum packing. No significant differences in 
moisture content were found (P > 0.05) between UN 
and UA cheeses and between PN and PA cheeses, which 
suggests that the mechanical treatment applied to in-
duce controlled damage in the MFGM did not cause 
differences in curd water retention. An opposite trend 
was verified when studying the heat treatment factor: 
cheeses made with pasteurized milk (PN and PA) had 
a significantly higher (P < 0.05) moisture content than 
cheeses made with unpasteurized milk (UN and UA). 
Severe heat treatment diminishes milk coagulation abil-
ity and salt equilibrium, which in turn can affect water 
retention by proteins and influence cheese moistures 
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(Lawrence et al., 1993). However, low temperature 
batch pasteurization such as that applied in this work 
has not previously been related with changes in cheese 
composition.

The UN cheeses showed the highest values (P < 
0.05) of fat content expressed on a dry basis. The other 
cheeses (PA, PN, and UA) had similar values (P > 
0.05). In this sense, a significant interaction between 
factors was found, so the lower fat in DM percentage in 
PA, PN, and UA cheeses is probably attributable to a 
combination of heat treatment and cream agitation.

As for protein content, the results are consistent with 
the values of moisture and fat content: pasteurized 
cheeses showed lower values of protein in DM percent-
age than unpasteurized cheeses, and significant interac-
tion between factors was detected. The pH values were 
similar in all cheeses (P > 0.05).

Total thermophilic lactic flora reached a maximum of 
108 cfu/g on d 3 for all cheeses and then decreased by 1 
log order during ripening. This suggested that natural 
creaming was acceptable to reduce initial load of total 
thermophilic lactic bacteria and that plate count values 
were mainly attributable to the starter, which reached 
similar values for pasteurized and unpasteurized chees-
es. Coliform bacteria were <102 cfu/g. No significant 
differences were found among cell load of cheeses from 
different treatments (results not shown).

Lipolysis in Cheeses

The level of lipolysis expressed total FFA (μmol per 
100 g of cheese fat) increased during ripening as a con-
sequence of the increase of each FFA assayed (results 
not shown). This trend has already been demonstrated 
for most cheese varieties; consequently, it can be as-
sumed that both lipolytic activity and fats susceptible 
to enzyme action are present throughout ripening 
(Werner et al., 1993; O’Mahony et al., 2006; Hickey et 
al., 2007; Atasoy and Türkoğlu, 2009; Malacarne et al., 
2009; Voigt et al., 2010).

On the other hand, no differences (P > 0.05) were 
found among cheeses from the 4 treatments applied 
(PN, PA, UN, and UA) for the 2 sampling times 
studied. Total content of FFA (global mean values) 
in 3- and 90-d-old cheeses was approximately 670 and 
940 mg/100 g of cheese fat, respectively. These values 
were similar to those previously found for Reggianito 
cheese (Perotti et al., 2005). Besides, in comparison 
with other internal bacterially ripened varieties such 
as Italian cheeses, they can be considered low; they are 
similar to the values reported for Cheddar and Gouda 
cheeses (McSweeney and Sousa, 2000; Collins et al., 
2003). Individual and total concentrations of FFA in 
90-d-old cheeses are shown in Table 2.

No significant differences were found in the concen-
trations of most fatty acids between cheeses in which 
the integrity of the fat globule membrane had been 
damaged (agitated cheeses) and those in which the milk 
fat had not been treated (nonagitated cheeses) for the 
2 methods of heat treatment assayed (unpasteurized 
and pasteurized). In C6:0, however, the mechanical 
agitation-heat treatment interaction was significant. 
The UN cheeses had the highest concentration of C6:0, 
followed by UA cheeses, which were significantly differ-
ent (P < 0.05). Both PN and PA cheeses had the lowest 
concentrations of C6:0; they also were significantly dif-
ferent from UN and UA cheeses.

Increase of C4:0 and C6:0 concentrations in unpas-
teurized cheeses could be attributed to the action of 
both LPL and microbial lipases; in particular, LPL 
shows specificity toward sn-3 position of triacylglyc-
erides, in which short-chain fatty acids (SCFA) are 
predominantly esterified (Collins et al., 2003). To assess 
whether certain FFA were affected preferentially by 
the factors studied, the proportions of the FFA groups 
(short-, medium-, and long-chain) were calculated. The 
percentages of SCFA (C4:0–C8:0) in unpasteurized cheeses 
was significantly (P < 0.05) higher than in pasteurized 
cheeses (Figure 1), but no significant differences related 
to mechanical agitation were revealed between agitated 
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Table 1. Composition of 90-d-old cheeses and significance of the main effects and their interaction1 

Item2

Pasteurized milk Unpasteurized milk Significance3

Nonagitated Agitated Nonagitated Agitated F1 F2 F1 × F2

Moisture (%) 34.5 ± 1.4a 34.7 ± 0.6a 31.2 ± 1.5b 31.6 ± 0.5b * NS NS
FDM (%) 47.3 ± 1.3b 47.6 ± 0.9b 50.4 ± 0.9a 46.0 ± 1.2b NS * *
PDM (%) 28.9 ± 0.6c 28.8 ± 0.7c 30.6 ± 1.1b 32.8 ± 0.6a * * *
pH 5.3 ± 0.06 5.4 ± 0.11 5.4 ± 0.12 5.5 ± 0.05 NS NS NS

a–cValues within rows with different superscripts differ significantly (P < 0.05).
1Values are means ± standard deviation. 
2FDM = fat in DM; PDM = protein in DM.
3F1 = heat treatment; F2 = mechanical agitation.
*P < 0.05.



and nonagitated cheeses. Medium-chain fatty acid 
(C10:0–C12:0) percentages were quite similar among all 
cheeses; 2-way ANOVA analysis showed no significant 
differences between treatments. For long-chain fatty 
acids (C14:0–C18:2), the values increased when heat was 
applied (P < 0.05), and the agitation method had no 
influence in this group.

In pasteurized milk cheeses, lipolysis can be at-
tributed mainly to the action of microbial lipases and 
esterases, which, because of the diversity of their ori-
gin, may show a broader specificity (McSweeney and 

Sousa, 2000; Collins et al., 2003), and indigenous LPL 
would contribute to a lesser extent because it is almost 
completely inactivated by pasteurization (Collins et al., 
2003).

Several studies found that pasteurization has a nega-
tive influence not only on the level of lipolysis reached 
during ripening but also on the proportions of FFA 
groups. Shakeel-Ur-Rehman et al. (2000) reported that 
lipolysis was considerably higher in Cheddar cheeses 
made from raw milk and in cheeses made from pasteur-
ized milk to which a percentage of raw milk had been 
added than in cheeses made from pasteurized milk. 
Hence, it was suggested that LPL and lipases of indig-
enous nonstarter acid bacteria may have contributed 
to a higher level of FFA. Pinna et al. (1999) evaluated 
the extent of lipolysis in Fiore Sardo cheese made with 
raw and thermized milk. The thermal treatment led 
to a diminution of SCFA, which was attributed to the 
action of native milk lipases.

Volatile Compounds

A total of 36 volatile compounds were identified by 
SPME/MS/FID: 7 ketones, 12 alcohols, 4 esters, 3 alde-
hydes, 7 acids, 1 terpene, and 2 aromatic hydrocarbons 
(Table 3). Most of these compounds can derive from 
more than one metabolic pathway; precursors may be 
AA derived from proteolysis as well as fatty acids from 
lipolysis or carbohydrates (lactose, citrate, and lactate; 
McSweeney and Sousa, 2000; Collins et al., 2003; Le 
Quéré and Molimard, 2003). Almost all compounds 
were found in all cheeses.

For most of compounds (26) no significant interac-
tion between the 2 principal factors studied was de-
tected. Two-way ANOVA analysis revealed that heat 
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Table 2. Concentrations (μmol/100 g of fat) of FFA in 90-d-old cheeses and significance of the main effects and their interaction1 

FFA

Pasteurized milk Unpasteurized milk Significance2

Nonagitated Agitated Nonagitated Agitated F1 F2 F1 × F2

C4:0 180 ± 25b 207 ± 14b 353 ± 87a 301 ± 24a * NS NS
C6:0 155 ± 25c 162 ± 5c 278 ± 1a 199 ± 31b * NS *
C8:0 83 ± 11 93 ± 22 117 ± 6 89 ± 1 NS NS NS
C10:0 124 ± 22 138 ± 47 164 ± 12 139 ± 10 NS NS NS
C12:0 136 ± 20 152 ± 53 144 ± 7 128 ± 7 NS NS NS
C14:0 519 ± 15 476 ± 49 504 ± 9 472 ± 6 NS NS NS
C16:0 1,142 ± 15a 1,132 ± 72a 1,069 ± 25b 1,012 ± 39b * NS NS
C18:0 324 ± 28 357 ± 30 328 ± 67 333 ± 41 NS NS NS
C18:1 1,068 ± 28 1,070 ± 87 925 ± 128 941 ± 32 NS NS NS
C18:2 230 ± 6a 238 ± 20a 165 ± 45b 178 ± 9b * NS NS
Total 3,960 ± 196 4,024 ± 398 4,048 ± 387 3,794 ± 201 NS NS NS

a–cValues within rows with different superscripts differ significantly (P < 0.05).
1Values are means ± standard deviation.
2F1 = heat treatment; F2 = mechanical agitation.
*P < 0.05.

Figure 1. Proportion (%) of short-chain fatty acids (SCFA) in 
90-d-old cheeses. PN = cheeses made with pasteurized milk and 
nonagitated cream; PA = cheeses made with pasteurized milk and 
cream treated by agitation; UN = cheeses made with unpasteurized 
milk and nonagitated cream; UA = cheeses made with unpasteurized 
milk and treated cream.



treatment was practically the only factor affecting the 
production of volatile compounds. In this sense, the ab-
sence of thermal treatment had a positive effect based 
on the peak areas on some volatile compounds derived 
from fat (2-heptanone, 2-heptanol, 2-pentanol, ethyl 
hexanoate, ethyl butanoate, and butanoic and hexanoic 
acids), citrate (3-hydroxy 2-butanone, 2,3-butanediol, 
2-butanone, and 2-butanol), and AA (2-methyl 1-pro-
panol and 3-methyl 1-butanol).

Several studies have been carried out about the effect 
of pasteurization, together with other factors such as 
type of starter culture, on the volatile profile of differ-
ent cheeses (Buchin et al., 1998; Ortigosa et al., 2001; 

Gómez-Ruiz et al., 2002; Barron et al., 2007; Hickey et 
al., 2007; Bouton et al., 2009). The influence of the heat 
treatment on the production of volatile compounds is 
most likely related to the reduction of milk-derived 
microorganisms and the concomitant decrease in meta-
bolic reactions in the cheeses (Buchin et al., 1998; Or-
tigosa et al., 2001). Even if pasteurized and unpasteur-
ized cheeses had similar lactobacilli counts (results not 
shown), biodiversity in unpasteurized cheeses was most 
probably higher. Nevertheless, the activity of the native 
milk enzymes and the higher availability of precursors 
such as SCFFA cannot be excluded as a source of vola-
tile compound increase in unpasteurized cheeses.
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Table 3. Volatile compounds in cheeses after 90 d of ripening and significance of the main effects and their interaction1 

Item

Pasteurized milk Unpasteurized milk Significance

Nonagitated Agitated Nonagitated Agitated F1 F2 F1 × F2

Ketones     
 2-Propanone 178 ± 4a 171 ± 1a 71 ± 42b 76 ± 35b * NS NS
 2-Butanone 50 ± 3c 42 ± 0.2c 96 ± 15b 139 ± 9a * * *
 2,3-Butanodione 268 ± 39 397 ± 79 288 ± 93 324 ± 67 NS NS NS
 2-Hexanone 30 ± 3a 31 ± 1a 14 ± 2b 11 ± 1b * NS NS
 2-Heptanone 213 ± 19b 309 ± 31a 380 ± 31a 365 ± 21a * NS *
 3-Hydroxy 2-butanone 170 ± 25c 139 ± 25c 242 ± 22b 310 ± 8a * NS *
 2-Nonanone 36 ± 3c 73 ± 9b 127 ± 12a 71 ± 9b * NS *
Alcohols     
 2-Propanol 35 ± 1bc 26 ± 4c 40 ± 8ab 50 ± 3a * NS *
 Ethanol 2,209 ± 29bd 1,640 ± 213cd 4,093 ± 393ab 3,295 ± 117ac * * NS
 2-Butanol ND ND 17 ± 1a 29 ± 14a * NS NS
 2-Methyl 1-propanol 18 ± 1a 11 ± 2a 43 ± 3b 43 ± 22b * NS NS
 2-Pentanol 116 ± 11b 122 ± 2b 214 ± 78a 290 ± 29a * NS NS
 1-Butanol ND ND 23 ± 4a 31 ± 3a * NS NS
 3-Methyl 1-butanol 203 ± 26b 109 ± 18b 340 ± 57a 343 ± 32a * NS NS
 1-Pentanol 20 ± 2a 16 ± 0.8b 14 ± 0.6b 15 ± 1b * NS *
 2-Heptanol 60 ± 8b 57 ± 3b 103 ± 6a 123 ± 9a * NS NS
 1-Hexanol 29 ± 8a 30 ± 4a 12 ± 2b 14 ± 1b * NS NS
 2-Nonanol ND ND 20 ± 1a 18 ± 5a * NS NS
 2,3-Butanediol 11 ± 1c 7 ± 0.2c 153 ± 10b 189 ± 14a * NS *
Esters    
 Ethyl acetate 18 ± 3 24 ± 12 27 ± 3 16 ± 0.6 NS NS NS
 Ethyl butanoate 158 ± 8b 193 ± 11b 339 ± 56a 282 ± 15a * NS NS
 Ethyl hexanoate 14 ± 0.2b 28 ± 4b 396 ± 186a 141 ± 11a * NS NS
 Isoamyl butanoate ND ND 38 ± 6a 42 ± 1a * NS NS
Aldehydes    
 Acetaldehyde 51 ± 6a 48 ± 4a 15 ± 9b 27 ± 15b * NS NS
 2-Methyl butanal 17 ± 2a 13 ± 3a 26 ± 5b 27 ± 6b * NS NS
 3-Methyl butanal 104 ± 15 79 ± 16 124 ± 24 125 ± 29 NS NS NS
Acids    
 Ethanoic 699 ± 31b 762 ± 21b 1,207 ± 41a 1,189 ± 11a * NS NS
 2-Methyl propanoic ND ND 221 ± 6a 201 ± 12a * NS NS
 Butanoic 1,411 ± 19c 2,190 ± 8b 4,265 ± 318a 2,713 ± 288b * NS *
 3-Methyl butanoic 59 ± 10a 50 ± 6a 24 ± 7b 23 ± 0.4b * NS NS
 Hexanoic 751 ± 79b 1,125 ± 23b 1,955 ± 136a 1,132 ± 245b * NS *
 Octanoic 87 ± 9bc 118 ± 5c 211 ± 4a 126 ± 24b * * *
 Decanoic ND ND 42 ± 6a 28 ± 5a * NS NS
Other compounds     
 p-Xylene ND ND 40 ± 4a 37 ± 9a * NS NS
 m-Xylene 15 ± 0.3b 17 ± 0.4b 171 ± 19a 177 ± 1a * NS NS
 d-Limonene ND ND 17 ± 3a 20 ± 0.4a * NS NS

a–dValues within rows with different superscripts differ significantly (P < 0.05).
1Peak areas in arbitrary units (values are means ± standard deviation).
*P < 0.05. 



Ketones, with an odd number of carbon atoms, 
are important compounds in some types of cheeses, 
especially mold-ripened cheeses, but also, in lower 
concentrations, in hard-cooked cheeses (Molimard and 
Spinnler, 1996; Le Quéré and Molimard, 2003; Qian 
and Reineccius, 2003). In particular, 2-heptanone and 
2-nonanone, which originate from the oxidation of 
the FFA (octanoic and decanoic acids, respectively) 
by microbial metabolism (Collins et al., 2003), were 
determined in cheeses from all treatments but were 
significantly higher in unpasteurized cheeses.

In the case of the 2,3-butanodione (diacetyl), it had 
similar levels in all cheeses (P > 0.05) but its prod-
uct of reduction, 3-hydroxy-2-butanone (acetoin) was 
greater in unpasteurized cheeses than in pasteurized 
cheeses. Acetoin can be reduced to 2,3-butanediol, then 
to 2-butanone, and finally to 2-butanol. The produc-
tion of diacetyl and acetoin and reduction of the latter 
to 2,3-butanediol is generally attributed to lactic acid 
bacteria from the starter; however, subsequent reduc-
tion to 2-butanone and thence to 2-butanol is believed 
to come from the activity of adventitious bacteria (Or-
tigosa et al., 2001). In the present work, the highest lev-
els of 2,3-butanediol, 2-butanone, and 2-butanol were 
found in unpasteurized cheeses. The synthesis of these 
compounds would be related to the action of microor-
ganisms from raw milk, which is reduced considerably 
by pasteurization. These results are in agreement with 
previous studies (Buchin et al., 1998; Ortigosa et al., 
2001).

In the group of alcohols, ethanol was the most abun-
dant component; ethanol is a usual compound of cheese 
volatile fraction, which mostly derives from lactose 
fermentation, and has been detected at high levels in 
many cheese varieties (McSweeney and Sousa, 2000; 
Collins et al., 2003; Le Quéré and Molimard, 2003).

Alcohols with a longer carbon chain than ethanol are 
produced by the reduction of carbonyls; aldehydes are 
reduced to primary alcohols and ketones to secondary 
alcohols by 2 possible mechanisms: an enzymatic reduc-
tion by microorganisms such as molds or a chemical 
reduction through the decrease of redox potential (Mc-
Sweeney and Sousa, 2000; Collins et al., 2003; Le Quéré 
and Molimard, 2003).

Higher contents of secondary alcohols (2-pentanol, 
2-heptanol, and 2-nonanol) were found in unpasteurized 
cheeses, which was in agreement with the higher con-
tents of the corresponding methyl ketones also found in 
them. The higher values found in unpasteurized cheeses 
of branched-chain alcohols, 2-methyl 1-propanol and 
3-methyl 1-butanol, derived from AA catabolism, in 
respect to those of pasteurized cheeses, could suggest 
that the pasteurization decreased the concentration of 

most of AA in concordance with other authors (Orti-
gosa et al., 2001).

Esters are important contributors of cheese flavor, 
especially ethyl esters, because of their low perception 
threshold and fruity aromas. Ethyl hexanoate, ethyl 
butanoate, and isoamyl butanoate are related mainly 
to lipolysis process. Their synthesis depends on the 
biodisponibility of precursors (i.e., alcohols and acids; 
Liu et al., 2004; Holland et al., 2005). In unpasteurized 
cheeses, where the levels of ethanol, 3 methyl-1 butanol, 
and butyric and hexanoic acids were the highest, the 
content of the corresponding esters were the greatest.

Regarding acidic compounds recovered by SPME/
GC/FID, linear and even-numbered carbon fatty acids 
from C2 to C10 were more abundant in unpasteurized 
cheeses, according to the higher contents of these SCFA 
determined by lipolysis analysis. Branched-chain fatty 
acids (2-methyl propanoic and 3-methyl butanoic) are 
produced by the metabolism of AA (Urbach, 1995; 
Marilley and Casey, 2004). The level of 2-methyl pro-
panoic acid was higher in unpasteurized cheeses than in 
pasteurized cheeses, but the contrary was observed for 
3-methyl butanoic acid.

Only 3 aldehydes were identified, 2 of which were 
branched-chain aldehydes, 2-methyl butanal and 
3-methyl butanal, produced from AA degradation both 
enzymatic and nonenzymatic (Urbach, 1995). As ob-
served for most volatile compounds, these aldehydes 
levels were higher in unpasteurized cheeses. However, 
the content of acetaldehyde was higher in pasteurized 
cheeses than in unpasteurized cheeses. These results are 
similar to those obtained by Ortigosa et al. (2001) and 
Barron et al. (2007).

On the other hand, 2-way ANOVA analysis re-
vealed interaction between the design factors for some 
compounds derived from fat, such as 2-heptanone, 
2-nonanone, and butanoic, hexanoic, and octanoic ac-
ids. The areas of the peaks of these compounds were 
higher for PA cheeses than for PN cheeses, but a con-
trary trend was observed for unpasteurized cheeses, in 
which the greatest levels were obtained for UN cheeses. 
The availability of fat and derived FFA may have af-
fected biochemical reactions for which they are main 
substrates.

CONCLUSIONS

From the 2 factors studied in this work, milk heat 
treatment and mechanical agitation of milk fat, the 
first showed the greatest influence on cheese lipolysis 
and production of volatile compounds. This effect was 
evidenced, in cheese from pasteurized milk, by a sig-
nificant decrease in some SCFA and in most volatile 
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compounds and can be explained as a consequence of a 
more complex and diverse microbiota and the activity 
of LPL, or other enzymes, in cheeses made with no 
pasteurized milk. Agitation of milk fat, which could 
improve the accessibility of the lipase to triglycerides, 
showed significant influence in only a few of the assayed 
parameters, always interacting with heat treatment fac-
tor.
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