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Figure 1. Principal Component Analysis (PCA) biplot of the 3 different commercial samples of
mascarpone (M1, M2, and M3). For each sample, the mean (n = 4) is represented by the sample name.
Score plot was given by the Volatile Organic Compound (VOC) content for each sample and loading
plot of the single volatile organic compounds. The codes correspond to the samples indicated in Table 1.

In the figure, it is possible to observe the samples (scores) and variables (loadings) plots related
to the first two principal components, which (cumulated) explain the 77% of the total variance (PC1,
50.0%; PC2, 27.0%) associated with the data set. A clear separation of mascarpone cheese M1 from the
other samples is observable along the PC1. PC2 explains the parting between M2 and M3 mascarpone
samples. The replicates belong to the same commercial mascarpone batch that is well-clustered
together, while is possible to highlight a clear separation of the three samples on the biplot. Observing
the loadings (i.e., the involvement of the single volatiles), it is possible to have an idea of the different
influence of the diverse volatiles in justifying variance observed trends.

Table 1. List of commercial ‘Mascarpone’ samples analyzed in the present study. All samples (M1–M12)
were investigated by PTR-ToF-MS analysis. Underlined samples (M1–M3) were evaluated also by
HS-SPME GC-MS.

Sample Claimed Characteristics Manufacturer

M1 Mascarpone A
M2 Mascarpone B
M3 Mascarpone C
M4 Mascarpone B
M5 Mascarpone C
M6 Mascarpone C
M7 Mascarpone M
M8 Mascarpone M
M9 Mascarpone without lactose M

M10 Mascarpone without lactose M
M11 Mascarpone without lactose C
M12 Mascarpone without lactose C

2.2. PTR-ToF-MS Results and Comparison with HS-SPME GC-MS Findings

As other Direct-Injection Mass Spectrometric (DIMS) technologies, PTR-MS finds application in
many sectors, from environmental sciences to food chemistry, and from biological studies to medical
applications. With this regard, we recently described a tailored system, that found application in this
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study, achieved connecting PTR-ToF-MS with an automated sampler, and associated custom-made
data analysis applications that improve the versatility of the analytical approach in the determination
of VOCs in association with i) huge numbers of samples, ii) bioprocesses monitoring, and iii) high
numbers of variables to be considered [11].

PTR-MS has been already exploited to study VOCs associated to dairy products such as mozzarella
cheese [22], Grana Padano, Parmigiano Reggiano, and Grana Trentino cheeses [23], liquid whey [24],
butter and butter oils (by means of quadrupole-based PTR-MS analyses, sensory analyses and classical
chemical analyses) [25], milk and whey powders [26], anhydrous milk fat [26], and fermented
milk-based beverages (yogurt and kefir) [27,28].

All samples included in this study have been analyzed by PTR-ToF-MS. A total of 411 mass
peaks were detected and extracted. Upon comparison with the blanks, 92 peaks were kept that
are significantly different between various manufacturers (p < 0.01 with Bonferroni correction) and
tentatively identified on the basis of exact mass, isotopic ration, and literature [29]. PTR-MS allowed
the detection and characterization of a larger number of VOCs/VOC fragments, which was larger than
the number of volatiles identified by GC. For the PTR analysis, all vials were incubated alternatively
at 40 ◦C or at 60 ◦C (data not shown) for 30 min before PTR-MS analysis. The last one was the
temperature at which good results were obtained by HS-SPME GC-MS. However, with PTR, even at
40 ◦C, the analysis was successfully performed and results were reliable. For this reason, we report
the data performed at 40 ◦C, a temperature closer to the real mascarpone cheese testing conditions.
One-way ANOVA followed by Tukey HSD test was carried out to compare and underline significant
differences among the assessed mascarpone samples. For each peak, we obtained the concentration of
the corresponding VOC ion in the headspace of all explored samples. Boxplots reported in Figure 2
illustrate the observed trends for 6 ions among the tested samples, as illustrative cases. In detail,
the figure proposes the behaviors corresponding to the peaks at m/z 73.065 (tentatively identified as
2-butanone), m/z 75.044 (tentatively identified as propionic acid), m/z 83.086 (tentatively identified as
hexanol fragment), m/z 87.080 (tentatively identified as 2-pentanone/isoprenol), m/z 98.105, and m/z
101.096 (tentatively identified as 2-hexanone). The intensity corresponding to the mass peak m/z 73.065
reaches the highest values in the delactosed samples produced by Manufacturer C, while the standard
productions belonging to the same manufacturer registered the lowest values (as all mascarpone
batches of Producer M) (Figure 2a). Samples from Manufacturers A and B present intermediate
intensities for this peak (Figure 2a). In accordance with these results, 2-butanone was found to be
variable in different types of whey [30]. In only the M2 batch did we detected a relevant intensity for
the mass peak m/z 75.044 (Figure 2b), tentatively identified as propionic acid, a compound that can be
responsible for a dairy taste/odor with a pronounced fruity lift [31].
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Figure 2. The boxplots indicated by letters (a–f) represent selected volatiles found in association
with the different commercial mascarpone samples such as m/z 73.0649—C4H9O+—t.i. 2-Butanone,
75.0437—C3H7O2

+—t.i. Methyl acetate, 83.0860—C6H11
+—t.i. fragment of Hexanal/Hexenol,

87.0809—C5H11O+—t.i. 2-Pentanone/3-Buten-1-ol, 3-methyl-, 98.1048—isotope of C7H13
+—t.i.

Heptanal, 101.0968—C6H13O+—t.i. 2-Hexanone. Different letters indicate a significant difference
between different samples (p < 0.05, one-way ANOVA, Tukey HSD).

The mass peak m/z 83.086 has been found with pronounced intensities in the samples produced
by the Manufacturers A and B (Figure 2c). Hexanal was included among the high-content compounds
identified in samples belonging to dairy products [32] and described as having a fatty, green, grassy,
powerful, penetrating characteristic fruity odor and taste [31]. A similar trend can be underlined for the
intensities of mass peak m/z 101.096 (Figure 2f). Finally, a considerable variability can be highlighted
for the intensities corresponding to the mass peaks m/z 87.080 and 98.105 (Figure 2d,e).

Other than this kind of punctual analysis, PTR analysis offers also the opportunity to depict a
global analysis of molecular fingerprinting associated with the headspaces of the different samples.
Considering that the present work deals with an integrated analytical approach, we propose a PTR
data set selected in light of the comparison with GC data. In fact, we defined a new subset of the
PTR-ToF-MS data including only the mass peaks that were found also using the HS-SPME GC-MS
technique. As a result, we have a new matrix (Table 2) of twenty peaks corresponding to the masses of
protonated molecular ions of compounds such as acetic acid (sour pungent, cider vinegar, slightly
malty with a brown nuance; naturally occurring in various dairy products, it has a role in butter and
cheese flavors), acetoin (acidic, sour, cheesy, dairy, creamy with a fruity nuance; normally occurs
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in butter, milk, and cheeses), acetone (characteristic aromatic odor, pungent, somewhat sweet taste;
naturally occurring in fermented dairy products), ethanol (slight, characteristic odor and a burning taste;
naturally occurring in blue cheese, cheddar cheese, Swiss cheese), furfural (characteristic penetrating
odor typical of cyclic aldehydes; naturally occurring in cheeses), hexanoic acid (sickening, sweaty,
rancid, sour, sharp, pungent, cheesy, fatty, unpleasant odor reminiscent of copra oil; naturally occurring
in cheeses, butter, milk), and octanoic acid (mildly unpleasant odor and a burning, rancid taste, also
reported as having a faint, fruity-acid odor and slightly sour taste; natural component of butter fat,
occurring in cheeses) [31,33].

Table 2. Volatile compounds detected by both Proton Transfer Reaction-Mass Spectrometry coupled to a
Time of Flight mass analyzer (PTR-ToF-MS) and SPME/GC-MS in association with mascarpone samples.

Compound Chemical Class
Protonated Ion

m/z Sum Formula

Ethanol Alcohols 47.049 C2H7O+

2-Propanone Ketones 59.049 C3H7O+

Acetic acid Organic acids 61.028 C2H5O2
+

2-Butanone Ketones 73.065 C4H9O+

1,2-Propanediol = Propylene glycol Alcohols 77.060 C3H9O2
+

2-Pentanone/3-Buten-1-ol, 3-methyl- Ketones/Alcohols 87.080 C5H11O+

2-Butanone, 3-hydroxy- (B) / Butanoic
acid/Acetic acid ethyl ester Ketones/Organic acids/Esters 89.060 C4H9O2

+

Toluene Hydrocarbons 93.070 C7H9
+

Furfural Furans 97.028 C5H5O2
+

2-Hexanone Ketones 101.096 C6H13O+

Benzaldehyde Aldehyde 107.049 C7H7O+

5-Methyl-delta-valerolactone Lactones 115.075 C6H11O2
+

2-Heptanone Ketones 115.112 C7H15O+

Hexanoic acid Organic acids 117.091 C6H13O2
+

2,4-Dimethyl-1-heptene Hydrocarbons 127.148 C9H19
+

2-Octanone Ketones 129.127 C8H17O+

1-Hexanol, 2-ethyl- Alcohols 131.143 C8H19O+

2-Nonanone Ketones 143.143 C9H19O+

Octanoic acid Organic acids 145.122 C8H17O2
+

Oxime-, methoxy-phenyl- Oxime 152.071 C8H10NO2
+

2-Undecanone Ketones 171.174 C11H23O+

Heptane, 2,2,4,6,6-pentamethyl Hydrocarbons 171.211 C12H27
+

Statistical tests were performed on the new matrix in an attempt at understanding the impact
of these VOCs on the characterization of the different mascarpone cheese samples. The results
obtained for the twelve experimental modes were visualized by means of principal component analysis
(PCA), with each point representing a distinct sample (Figure 3), maximizing explained variability in
two dimensions.
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Figure 3. Analysis of mascarpone VOCs profile assessed by PTR-ToF-MS. Plot depicts the VOC profile
distribution of the twelve Mascarpone over the PCA score plot defined by the first two principal
components. The codes correspond to the samples indicated in Table 1.

Separation among Mascarpone samples according to the first two components accounted for
about 62% of the total variance. It is possible to highlight how the replicates belonging to the same
sample generally clustered together. In addition, a good separation among the different samples is also
depicted. Considering all variables connoting the panel of different mascarpone cheese analyzed, it is
mandatory to underline that the studied diversity in terms of different producers and classic versus
delactosed was not selected in order to delve into the effect of these parameters. In fact, it was just a
heterogeneous panel selected in order to provide a broad description of the overall VOCs associated
with this traditional dairy production. However, it is possible to foresee some preliminary differences,
such as clear groups among mascarpone cheese samples belonging to the same manufacturer and
a general (more or less pronounced) separation between classic and delactosed samples within the
same producer (Figure 3). These pieces of evidence suggest the need for further studies with tailored
sampling in order to test the potential of a PTR-based approach as a discriminatory tool to monitor
these variables. Considering the sensory changes among mascarpone cheese samples, our study
confirmed the presence of a diversification comparing different batches and different producers already
described in terms of spreadability [34]. In fact, Cattaneo et al. [34], studying eighteen batches from
six different manufacturers, noticed differences in four viscometric parameters they selected to assess
changes of rheological aptitude of mascarpone cheeses. This sensory variability calls attention to the
need for versatile tools for the industrial quality control also in the case of mascarpone cheese, a topic
of generally significant interest in the food industry [35,36].

In Table 3, it is possible to delve into the results for a more representative number of mass peaks,
underlining significant differences among concentrations reported for 22 protonated ions out of the
92 selected after comparison with the blanks. From this analysis, it is possible to notice how the
trends for selected mass peak intensities follow a certain producer-dependent behavior. It is also
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clear how the probabilities to find selected mass peaks associated to given experimental variables
considerably increase using the PTR-based technique, due to the potential of an untargeted approach.
The opportunity to have a wide (untargeted analysis) and fast (rapid time of analysis without any
sample preparation/extraction/destruction) view of the VOCs associated with mascarpone headspaces
confirmed the aptitude of this analytical approach to allow rapid noninvasive quality control for the
food industry (e.g., [37,38]), already explored in the dairy industry but on other matrices (e.g., [25,26]).
An approach that can i) simplify the selection of mascarpone as an ingredient in the food industry and
ii) boost the quality improvements in the production of this fresh cheese.

Table 3. Organic compounds associated to mascarpone headspace detected by PTR-ToF-MS. Black color
indicates compounds identified also by SPME/GC-MS. For each compound, different letters indicate a
significant difference between different samples according to ANOVA and Tukey HSD (p < 0.05). The
codes correspond to the samples indicated in Table 1. In the parenthesis, the different producers.

MM TM SF M1 (A) M2 (B) M3 (C) M4 (B) M5 (C) p-Value

41.039 41.039 C3H5
+ 21.2 ± 0.9 b 27 ± 3 c 11.4 ± 0.6 a 21 ± 1 b 10 ± 1 a 1 × 10−13

43.018 43.018 C2H3O+ 30.0 ± 0.7 b 44 ± 3 c 24 ± 2 a 33 ± 2 b 24 ± 5 a 3 × 10−9

43.054 43.054 C3H7
+ 11.5 ± 0.6 c 16 ± 1 d 3.5 ± 0.5 a 6.7 ± 0.4 b 3.1 ± 0.4 a 4 × 10−17

45.033 45.033 C2H5O+ 113 ± 6 b 175 ± 12 c 81 ± 3 a 114 ± 10 b 88 ± 23 a 2 × 10−9

47.049 47.049 C2H7O+ 8 ± 3 a 52 ± 39 c 10 ± 8 a 16 ± 1 ab 44 ± 5 bc 2 × 10−3

55.054 55.054 C4H7
+ 13.3 ± 0.4 c 14.9 ± 0.8 d 8.1 ± 0.3 b 15 ± 1 d 6.0 ± 0.4 a 7 × 10−16

57.070 57.070 C4H9
+ 6.0 ± 0.1 c 5.6 ± 0.6 c 3.9 ± 0.2 b 12 ± 1 d 2.7 ± 0.1 a 7 × 10−17

59.049 59.049 C3H7O+ 1062 ± 35 c 976 ± 72 c 563 ± 29 b 1230 ± 116 d 355 ± 26 a 9 × 10−15

61.029 61.028 C2H5O2
+ 10 ± 3 a 26 ± 6 b 18 ± 5 ab 11 ± 2 a 24 ± 10 b 4 × 10−4

63.026 63.026 C2H7S+ 15.1 ± 0.3 c 16 ± 1 c 7.2 ± 0.4 b 20 ± 2 d 3.3 ± 0.5 a 4 × 10−16

69.070 69.07 C5H9
+ 6.4 ± 0.2 a 8.3 ± 0.6 b 6.0 ± 0.4 a 9.0 ± 0.8 b 6.2 ± 0.6 a 2 × 10−8

71.086 71.086 C5H11
+ 1.2 ± 0.1 ab 1.7 ± 0.8 b 0.7 ± 0.1 a 1.3 ± 0.1 ab 0.72 ± 0.05 a 1 × 10−3

73.065 73.065 C4H9O+ 77 ± 2 b 82 ± 7 b 24 ± 1 a 76 ± 7 b 17.2 ± 0.9 a 1 × 10−16

75.044 75.044 C3H7O2
+ 1.4 ± 0.2 a 20 ± 1 b 1.2 ± 0.2 a 1.4 ± 0.3 a 1.4 ± 0.2 a 1 × 10−21

83.086 83.086 C6H11
+ 1.6 ± 0.1 b 1.7 ± 0.1 b 0.7 ± 0.0 a 1.8 ± 0.2 b 0.71 ± 0.04 a 4 × 10−14

87.044 87.044 C4H7O2
+ 3.7 ± 0.5 bc 3.8 ± 0.9 bc 3.0 ± 0.4 ab 4.3 ± 0.4 c 2.0 ± 0.3 a 2 × 10−5

87.081 87.08 C5H11O+ 61 ± 2 c 66 ± 5 c 43 ± 2 b 61±6c 23 ± 2 a 6 × 10−13

89.060 89.06 C4H9O2
+ 2.2 ± 0.6 a 5.2 ± 0.6 c 2.9 ± 0.3 ab 2±1ab 3.5 ± 0.3 b 2 × 10−6

97.102 97.101 C7H13
+ 2.3 ± 0.1 c 2.7 ± 0.2 d 1.8 ± 0.0 b 2.6±0.1d 1.1 ± 0.1 a 4 × 10−14

101.097 101.096 C7H7O+ 1.7 ± 0.1 c 2.0 ± 0.1 d 1.0 ± 0.0 b 2.0±0.2d 0.6 ± 0.1 a 5 × 10−14

115.113 115.112 C7H15O+ 28 ± 1 c 30 ± 2 c 20.5 ± 0.6 b 30±2c 12 ± 1 a 7 × 10−14

143.145 143.143 C9H19O+ 2.1 ± 0.1 c 2.5 ± 0.2 d 1.7 ± 0.1 b 2.4±0.2d 1.1 ± 0.1 a 2 × 10−12

This panel of 22 peaks includes only 9 masses detected also by the GC analysis, thus providing a
broader overview of the diversity among samples associated with VOCs content. Comparing these
findings with a recent PTR headspace analysis of other dairy product of industrial interest (milk powder,
whey powder and anhydrous milk fat), the mass peaks 47.049, 63.026, 73.065, 87.081, 89.060, 101.097,
115.113, 143.145 seem to be peculiar of mascarpone headspace [26], indicating a potential role of the
corresponding volatiles in shaping perceptions associated to Mascarpone consumption. Additionally,
on the other hand, we found variable trends in mass peaks already detected in association with the
headspaces of skim milk powder (43.018, 61.029, 87.044, 97.102), whole milk powder (41.039, 43.018,
45.033, 55.054, 61.029, 71.086, 75.044, 83.086, 87.044), whey powder (43.018, 59.049, 61.029, 75.044), and
anhydrous milk fat (43.018, 43.054, 57.070, 69.070) [26]. This partial and specific overlapping, in terms
of volatiles content, with the headspaces of other dairy ingredients/products, can be probably of help
in the understanding of the unique sensory properties of mascarpone matrix.

Finally, in order to provide more complete information about the preliminary potential that arises
from the PTR data in terms of separation of delactosed products, we propose two PCA representations,
analyzing samples with or without lactose for the Manufacturers C and M, respectively (Figure 4).
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(a) (b) 

Figure 4. Analysis of mascarpone VOCs profile assessed by PTR-ToF-MS for the Manufacturers C (a)
and M (b) plotted by the first and the third principal components. The labels and the selected areas
indicate the separation between samples with or without lactose.

Figure 4a (Manufacturer C) and 4b (Manufacturer M) show that mascarpone samples classic and
delactosed in this subset (different producers) are separated along the first and third PC (explaining
47.6% and 57.9% of the total variance, respectively). Even if preliminary, these results confirm the
potential of PTR-TOF-MS analysis for the quality evaluation of lactose-free dairy products. In fact,
recently, this analytical approach found application to monitor VOC variability in ultrahigh temperature
lactose-free milk samples (assessing the impact of storage time and the of the use of different lactase
preparations) [39]

3. Materials and Methods

3.1. Sample Selection and Preparation

A total of 12 different mascarpone batches were studied in this project that are listed in Table 1.
The corresponding chemicophysical characteristics are reported in Table S1.

We obtained the samples from different local markets and stored them at 4 ◦C. The samples
represent different manufacturers, all analyzed within the expiration date, and both plain and
delactosed Mascarpone.

3.2. HS-SPME GC-MS Measurements

Aliquots of 8 mL of sample were placed in a 20 mL vials that were immediately sealed with a
silicone rubber Teflon cap and crimped with aluminium seal. Then samples were heated at 60 ◦C
and kept at the same temperature for 30 min while a polydimethylsiloxane/divinylbenzene SPME
fibre (Supelco, Bellefonte, PA, USA) was exposed to the headspace over the surface of each sample in
order to collect the compounds in the vapour phase. The exposure time was optimized in preliminary
experimental trials. The SPME coating containing the headspace volatile compounds was inserted
into the GC injection port and then thermally desorbed at 250 ◦C for 10 min in a 6890 GC (Agilent
Technologies, Santa Clara, CA, United States). Compounds were eluted by a He gas flow of 1,4 mL/min
in split mode (split 1:4) and separated using a 60 m Varian FactorFour WAXms capillary column (film
thickness 0.25 mm, 0.25 mm internal diameter) (Varian, Middelburg, The Netherlands). The oven
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temperature, initially set to 35 ◦C, was increased to 210 ◦C at 4 ◦C/min, then to 240 ◦C at a rate of
20 ◦C/min, and then this final temperature was held for 5 min. The mass spectrometer was set to
electron ionization mode (MS-EI) generated at 70 eV, and mass spectra were collected in full scan mode,
collecting ions from 39 to 250 m/z. The volatile compounds studied were identified by comparing their
mass spectra and their retention times to those of reference standards analyzed at the same conditions
and by comparison with spectra recorded in the Wiley 6 N mass spectral library (Wiley, Hoboken, NJ,
USA) and, when needed, to literature references. Due to the lengthy HS-SPME GC/MS analysis, only
four samples have been analysed by this method. For each sample, four replicates were analyzed.

3.3. PTR-ToF-MS Measurements

A commercial PTR-ToF-MS 8000 instrument (Ionicon Analytik GmbH, Innsbruck, Austria)
was used for the headspace measurements. The instrumental conditions in the drift tube were as
following—drift voltage 550 V, drift temperature 110 ◦C, drift pressure 2.30 mbar affording an E/N
value of 140 Townsend (1 Td = 10−17 V.cm2). Sampling was performed with a flow rate of 40 sccm.
The mass resolution (m/Δm) was at least 3800. Measurements were performed in an automated way
by using a multipurpose GC automatic sampler (Gerstel GmbH, Mulheim am Ruhr, Germany) as
previously described [11]. The measurement order, both samples and replicates, was randomized
to avoid memory effects. All vials were incubated at 40 ◦C for 30 min before PTR-MS analysis.
Each sample was measured for 30 s, at an acquisition rate of 1 spectrum per second with an overall
throughput of one sample every 5 min. The experiment was repeated at 60 ◦C, the temperature at
which HS-SPME GC-MS provided better results. The entire experiment was repeated three times
and empty vials, containing lab air, were measured together with the sample set and considered as
“blanks”. Data processing of PTR-ToF-MS spectra included dead time correction, external calibration
and peak extraction steps performed according to a procedure described elsewhere [40]. The baseline
of the mass spectra was removed after averaging the whole measurement and peak detection and
peak area extraction was performed by using modified Gaussian to fit the data [41]. To determine the
concentrations of volatile compounds in ppbv (part per billion by volume) the formulas described by
Lindinger et al. were used by assuming a constant reaction rate coefficient (kR=2 × 10−9 cm3/s) for
H3O+ as primary ion [42].

3.4. Statistical Analyses

Data exploration was based on Principal Component Analysis (PCA) of centered and scaled
data. Analysis of variance (ANOVA) with Bonferroni correction was performed for selection of mass
peaks in the sample headspace which are significantly higher than blanks. After this step, one-way
ANOVA followed by Tukey’s HSD (p < 0.05) was applied to evaluate the significant differences among
mascarpone samples. All analyses were performed with core functions of R programming language
(R Development Core Team, R Foundation for Statistical Computing, Vienna, Austria, 2014) and its
external packages (ChemometricsWithR, DiscriMiner, prospectr). In some cases, in order to interpret
the results of the experiment, the entire dataset was divided into smaller subsets based on different
criteria (e.g., producer, lactose content).

4. Conclusions

Using two complementary analytical approaches, Headspace-Solid Phase Microextraction-Gas
Chromatography-Mass Spectrometry (HS-SPME GC-MS) and Proton-Transfer Reaction-Mass
Spectrometry coupled to a Time of Flight mass analyzer (PTR-ToF-MS), the present work provides a
first description of Volatile Organic Compounds (VOCs). In addition, we underline the differences in
VOC content susceptible to characterize the aroma of different brands and product types (classic and
lactose-free). On the whole, the dominance of volatiles generally associated to floral, fruity, sweet, and
nutty notes might contribute to explain the delicate sensory impression perceived by smelling this
fresh dairy product. Unfortunately, the aroma profile of the present investigation cannot be discussed
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in light of previous literature that is, as mentioned, very scarce. Considering the wide number of
products that use mascarpone as raw material, such as the popular Tiramisù and coffee mascarpone
cream, this study provides information to design future studies conceived to assess the contribution of
this unripened cheese to the sensory characteristics of final products.

Supplementary Materials: The following are available online, Table S1: Monitored chemico-physical
characteristics for the list of ‘Mascarpone’ samples analyzed in the present study.
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Abstract: Watercore is a so-called physiological disorder of apple (Malus domestica L.) that commonly
occurs in several well-known cultivars. It is associated with a rapid softening of the flesh that causes
a marked changed in flavor and texture. In Asia, apples with watercore are preferred and considered
a delicacy because of their enhanced sweet flavor. The ‘Fuji’ cultivar, the first cultivar with rich
watercore that is free from texture deterioration, has played a key role in the development of the
market for desirable watercored apples. This review aimed to summarize and highlight recent studies
related to the physiology of watercore in apples with special focus on ‘Fuji’ and related cultivars.
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1. Introduction

The ‘Fuji’ cultivar has maintained a large share of the global apple production market over the
last two decades [1]. Originally, ‘Fuji’ was selected from cross between ‘Ralls Janet’ and ‘Delicious’ in
the Tohoku region of Japan and gained popularity because it is extremely juicy and crisp with a sweet
flavor similar to that of ‘Delicious’ [2]. ‘Fuji’ is also susceptible to watercore development. Watercore is
a phenomenon that presents as a translucent appearance at the core and/or flesh of the fruit, and it is
caused by the intercellular spaces of the affected tissue being filled with fluid. It has been reported
that watercore development is related to sugar metabolism during the maturation process and fruit
mineral composition. Watercored apple is prone to several physiological disorders, such as browning
and breakdown during storage [3–9]. Furthermore, strains of the ‘Delicious’ cultivar are also highly
susceptible to watercore, which is typically accompanied by changes in texture traits, such as softening
and mealiness. These undesirable characteristics that commonly occur in watercored ‘Delicious’ strains
have caused watercoring in apples to be viewed negatively.

In spite of this, watercored ‘Fuji’ has gradually become desirable in Japan and other Asian
countries, and the palatability of ‘Fuji’ and watercored apples has been identified in the last decade.
Today, Japanese producers and consumers generally value watercored apple owing to its excellent fruit
flavor, which occurs when it fully matures on the tree. In fact, watercored apples are often advertised
using phrases such as aroma-rich and pineapple-like. Furthermore, the rich watercore trait has become
a breeding target with the aim of increasing the sweet flavor in apple [10]. Aprea et al. [11] proposed
that apple breeding programs must take into account factors such as volatile compounds, texture
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parameters, minor components, and information from sensory panels. However, perceived sweetness
is difficult to be described because it is always perceived in combination with other sensory properties,
which influence its evaluation. Sweetness perception is a complex and multisensory process, and only
gustatory stimuli are insufficient to fully understand and predict it [12]. In this work, we focus on
‘Fuji’ and the related cultivars and review the mechanism of watercoring in apple palatability. We also
assess various characters, such as flavor, texture, and genetic properties, employing integrated analysis
of instrumental and sensory profiling.

2. Flavor Characteristics

2.1. Sensory Analysis

Although watercored apple has been extremely popular among Japanese consumers, there were
little published data regarding the overall acceptance for watercored apple available. In order to
characterize the unique flavor and overall acceptance, Tanaka et al. [13] conducted sensory analysis
using watercored and nonwatercored ‘Fuji’ with 29 trained panelists. With respect to overall acceptance,
watercored apples scored significantly higher than nonwatercored apples (Table 1). Overall intensities
of aroma and taste and five sensory attributes were scored using a seven-point scale. Taste intensity
was evaluated with nose clip. Overall aroma intensity and perception of sweet and fruity flavors were
enhanced in watercored apple, whereas green and sour perception was enhanced in nonwatercored
apple (Table 1). Overall taste intensity, in which the influence of aroma was eliminated by clips, was
not significantly different, indicating that the contribution of aroma to the overall acceptance and
characteristics of flavor was remarkably large in this case.

Table 1. Sensory evaluation for watercored and nonwatercored ‘Fuji’ apples.

Sample Status Overall Acceptability
Overall Intensity Sensory Attribute

Aroma Taste Green Fruity Floral Sweet Sour

Nonwatercored 3.0 4.0 4.1 4.3 4.0 3.1 3.9 4.0
Watercored 3.5 4.5 4.2 3.6 4.4 4.2 4.6 3.2

Significance ** ** ns ** * *** ** ***

Apple: Products of a commercial orchard, peeled, cored, and cut into bite-size pieces just before being served.
Evaluation: a seven-point categorical scale (1–7); 29 panelists trained for quantitative destructive analysis, 10 females
and 19 males. Taste was evaluated with nose clip to eliminate the influence of aroma. Significance: *, **, *** indicate
significant differences at the level of p < 0.05, p < 0.01, or p < 0.001, respectively, using paired t-test; ns means not
significant. Reproduced with permission from Tanaka et al. [13].

2.2. Analysis of Volatile and Water-Soluble Compounds

Volatile and water-soluble components were profiled for watercored and nonwatercored ‘Fuji’ and
’Koutoku’, a progeny of ’Fuji’ (Tables S1 and S2) [13]. In both cultivars, ethyl esters and methyl esters
of fatty acids were detected in watercored fruit; their peak intensities were as large as several to several
hundred times those of nonwatercored apple (Table S1). In addition, principal component analysis
of the intensities of the 109 components suggested that the PC1 score was differentiated by cultivar,
whereas the PC2 score was differentiated by the presence of watercore (Figure 1). The PC2 loadings
suggested that ethyl esters, methyl esters, sorbitol, galactaric acid, erythronic acid, and dehydroascorbic
acid were associated with watercore. Increase in sorbitol was consistent with previous reports [14–17].
This integrated profiling analysis suggested that an increase in methyl esters and ethyl esters is crucial
to the attributes and desirability of watercored apple. Similar phenomena have been revealed by
Dixon et al. [18] when, following a short-term exposure to hypoxic conditions, time courses of apple
aroma components and odor units for 10 apple cultivars were analyzed, and their results indicated
that odor unit values highly corresponded to ethyl ester levels.
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Figure 1. Principal component analysis score plots of the volatiles and solubles of fruit juice. PC1
and PC2 scores were discriminated by cultivars and watercore existence, respectively. Top 10 of PC2
loadings were (1) ethyl butanoate, (2) ethyl propanoate, (3) ethyl 2-methylbutanoate, (4) ethyl acetate,
(5) ethyl hexanoate, (6) sorbitol, (7) galactaric acid, (8) methyl 2-methylbutanoate, (9) methyl acetate,
and (10) ethyl tiglate. Reproduced with permission from Tanaka et al. [13].

Ethyl esters have been reported to have an apple-like, fruity, sweet aroma with an extremely low
threshold value. For example, Komthong et al. [19] analyzed head-space volatiles of ‘Fuji’ using aroma
extract dilution analysis and determined flavor dilution factor, which is the lowest dilution ratio of the
volatile compounds. Then, methyl 2-methylbutanoate and ethyl 2-methylbutanoate were estimated and
determined to be the most potent odorants in the volatiles based on their lowest threshold odor values.
Moreover, we demonstrated that an increase in ethyl esters significantly enhanced the perception
of apple-like sweetness by sensory evaluation using a series of ‘Fuji’ samples that had chemically
modified aroma (Figure 2). Based on these data, ethyl esters appear to be potent, key flavor compounds
in watercored apples.

Figure 2. Ethyl hexanoate and aroma intensity in ester-enhanced ‘Fuji’ by incubation with ethanol
mixture. Ethyl hexanoate is shown as a representative of ethyl esters because major ethyl esters of ‘Fuji’
correlate with one another in their peak intensities.

The difference among sugar and sorbitol contents, soluble solid contents (SSC), and gene expression
related to sugars in watercored and nonwatercored tissues has been studied extensively [14,16,20,21].
Specifically, sorbitol accumulation in the watercored tissues was observed in several cases, whereas
fructose, glucose, sucrose, total sugar contents, and SSC were only observed in a few cases [13,15,16,20].
Fructose, the sweetest sugar of the apple components [22,23], tended to be lower in watercored tissues.
Sorbitol tends to be present at a low content and exhibits weaker perceptive sweetness compared
with other sugars, even though it increases in content in watercored tissues. [23,24]. The comparison
between watercored and nonwatercored tissues often found decreases in sweetness in the watercored
tissues. According to Melad-Herreros [15] and Williams et al. [16], nonaffected tissues of watercored
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apples, often edible parts, scored higher for fructose and sucrose than the affected tissues (Table 2),
indicating that watercored apples may in fact be sweeter. Harker et al. [25] stated that two apples
needed to differ in ◦Brix (SSC) by more than 1 before evoking a change in response to a perceived sweet
taste for the median panelist. A difference of 1 ◦Brix corresponds to 1% difference in sucrose. Table 2
presents the estimated sweetness using two equations that defined sucrose sweetness as 1 [26,27].
Our estimation (a) took sorbitol into account based on the estimation summarized by Kitahata and
Machinami [22], whereas (b), known as the total sweetness index, did not [23]. Williams et al. [17]
also found that the difference between nonwatercored and nonaffected tissues of watercored apples
was nearly 1. In this case, there was a perceived sweetness difference between the edible part of a
watercored and that of a nonwatercored apple at a near-threshold level. These findings are in agreement
with the results of sensory evaluation (Table 1) of taste intensity, which found that while watercored
apples were generally evaluated a little intense, they did not differ significantly from control samples.
Given these findings, the significant difference in sweetness is likely affected by components other
than sugars.

Table 2. Sugar profiles and estimated perceived sweetness of various apple cultivars.

Cultivar
Watercore Sugar Contents (g/100 g FW) Estimated Sweetness

Ref.
Fructose Glucose Sucrose Sorbitol (a) (b)

‘Fuji’ absent 5.7 3.1 1.5 0.4 12.0 12.3
[14] 1

present (richest level) 5.5 2.2 3.4 1.2 12.7 13.2

‘Fuji’ absent 6.6 2.3 1.8 0.5 12.3 13.4

[15]

present 5.6 1.9 1.8 1.5 11.3 11.7

‘Gloster’
absent 5.2 1.9 3.2 0.3 11.5 12.4
present 3.8 1.7 2.6 0.9 9.2 9.6

‘Delicious’
absent 6.4 1.7 2.2 0.2 11.9 13.1
present 5.1 1.5 2.0 1.0 10.2 10.7

‘Esperiega’
absent 7.2 1.51 2.8 0.8 13.7 14.7

[16]present (nonaffected site) 6.9 2.0 3.2 1.5 14.4 15.0
present (affected site) 6.3 2.2 1.5 2.9 13.0 12.6

‘Winesap’
absent 3.2 4.0 3.8 0.9 11.3 11.6

[17] 1present (nonaffected site) 3.4 4.2 4.1 1.3 12.2 12.4
present (affected site) 3.0 3.7 3.8 1.8 11.4 11.1

1 Original sugar contents were converted to g/100 g FW. Estimated sweetness: (a) (1.0 [sucrose]) + (1.3 [fructose]) +
(0.7 [glucose]) + (0.7 [sorbitol]) [22]; (b) = (1.0 [sucrose]) + (1.5 [fructose]) + (0.76 [glucose]) [23].

Recently, the importance of aroma components in the characteristics of flavor and preference
in apple has been widely recognized. Aprea et al. [11] reported that sorbitol content correlated
with perceived sweetness better than any other single sugar or total sugar content. Furthermore,
their predictive model based on partial least squares regression included not only SSC but also volatile
compounds and revealed that several volatiles are possibly contributing to flavor. Having a sweet
taste is an important but difficult attribute to be predicted using objective measurements [25]. The
contribution of sugars to the enhancement of perceived sweetness in watercored apple is likely limited,
whereas the profile of aroma components varies widely and accounts for several of the unique flavor
profiles. Aroma components between watercored and nonwatercored apples can be markedly different.
For instance, our analysis revealed that the detected levels of most ethyl esters that created an aroma
profile with characteristics similar to pineapple or ginjoshu (high-quality sake) were ten times their
levels in nonwatercored apples (Table S1) [13,28–31]. Considering these profiles of flavor components
and sensory attributes, the contribution of aroma components, such as ethyl esters, is crucial in
producing the flavor characteristics in watercore-rich apples.

2.3. Mechanism of Enhanced Ethyl Ester Synthesis in Watercored Apples

Because ethyl esters are crucial in aroma and flavor profiles in apples, different analyses have
already focused on the synthesis. Dixon and Hewett [18] reported that apple volatile compounds

322



Molecules 2020, 25, 1114

increased in ethanol and ethyl ester concentrations after exposure to hypoxic conditions. Specifically, the
synthesis of ethyl esters was high in watercore-susceptible cultivars ‘Red Delicious’, synonymous with
‘Delicious’, and ‘Fuji’ and low in nonsusceptible cultivars ’Golden Delicious’ and ’Cox’s Orange Pippin’.
It has also been reported that ethyl esters from apples subjected to controlled-atmosphere (CA) storage
exhibited a temporary increase in ethanol and ethyl ester concentrations. Hypoxia likely activates
anaerobic glycolysis and ethanol synthesis, causing an increase in ethyl ester production [32,33].
One study found that a decrease in respiration and an increase in ethanol and acetaldehyde
concentrations in watercored tissues of ’Richard Delicious’, a sport of ‘Delicious’, shared similarity
with apples that were exposed to hypoxic conditions or CA-stored [3]. Furthermore, Tanaka et al. [13]
analyzed oxygen distribution within a fruit and demonstrated low-oxygen status at the watercored
position (Figure 3), whereas nonwatercored fruits were flat. These phenomena support the concept
that ethyl ester synthesis is enhanced under hypoxic conditions within watercored tissues, resulting in
distinctive, fermented flavor.

Figure 3. Oxygen distribution related to watercore of ‘Fuji’ apple. Three fruits were measured
for each class. Thick red line corresponds to the photograph. Reproduced with permission from
Tanaka et al. [13].

Questions also arise regarding discrimination of volatiles and related gene expression in a fruit
associated with oxygen levels. This highly variable, cultivar-dependent response of apple cultivars to
hypoxic conditions may also be associated with the physiological processes involved in the development
of watercore, which has not been fully elucidated to date. To better understand the metabolism of the
characteristic aroma profiles, a fusion analysis of molecular biology and metabolomics will be required.

3. Texture Characteristics

3.1. Apple Cultivars and Texture Measurement

Texture is a key factor that affects consumer preference of apple [34–36]. Texture comprises
crispness, mealiness, juiciness, firmness, and other traits and has been reported to influence perceived
sweetness [25,37]. Among the texture traits, crispness and juiciness are favorable for apple, whereas
softness or mealiness are avoided [35]. Traditional watercore-susceptible cultivars were often
accompanied by mealiness and rapid softening [5]. However, the occurrence of watercore and
softening is under separate regulations, and cultivars have been developed with one but not the
other [10,38]. Here, we review the studies on apple texture as it is related to watercore susceptibility.
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Crispness is a sensory and integrated attribute defined as the amount and pitch of sound
generated when the fruit is first bitten using the incisor [37,39,40], and it is often estimated from
firmness because the two traits are highly and positively correlated [35]. Softening is usually caused
by a reduction in firmness, which is typically measured using a penetrometer or sensory analysis.
Cell shape, cell size, cell packing, and overall fruit anatomy as well as chemistry of the cell wall and
membrane and the role of cell turgor affect firmness [41]. Among them, macromolecular network
structures of cell walls, mainly comprising pectin, hemicellulose and cellulose, confer flesh cell rigidity,
however, the structures are gradually lost by the cell-wall-modifying enzymes such as β-galactosidase,
α-L-arabinofuranosidase, polygalacturonase, pectin methylesterase, and others. Ethylene reportedly
stimulated these enzymes, subsequently causing flesh softening. Turgor reduction was also associated
with firmness reduction [41,42]. Although cell membranes of apple are not typically associated with
cell wall swelling and juiciness [41], so far as watercore is concerned, it may play roles in apple juiciness
to some extent, as described below (Section 3.2).

Mealiness is defined as the amount of small, lumpy particles that become apparent during
chewing in sensory analysis [37,39,43]. It is due to the loss of cell–cell adhesion or cell separation [37].
Iwanami et al. [38] investigated 23 cultivars and a breeding line under a time-course experiment to
evaluate firmness and mealiness and divided them into four groups based on their results after 40 days
of storage at 20 ◦C. The watercore-susceptible cultivars ‘Starking Delicious’ and ‘Red Gold’ were placed
in the most rapid mealiness developing group, whereas ‘Fuji’ was the firmest and most nonmealy
cultivar. This was consistent with other previous studies [44–46]. Iwanami et al. [47] also found that
the softening performance of an apple cultivar during storage was highly dependent on the degree of
mealiness and turgor reduction rate. The softening rates of all mealy cultivars were high; moreover,
the softening rates of nonmealy cultivars were significantly correlated with the turgor reduction rates.
In other words, nonmealy cultivars with slow turgor reduction can be expected to exhibit high storage
performance. ‘Fuji’ had the lowest turgor reduction rate, which most likely contributed to its firmness
and crispness. In addition, ‘Starking Delicious’, another sport of ‘Delicious’, surprisingly exhibited the
slowest turgor reduction rate among the tested cultivars contrary to its trait of rapid softening. ‘Fuji’
seems to inherit the excellent trait of slow turgor reduction from the softening cultivar ‘Delicious’ and
not from the slow softening ‘Ralls Janet’. Differences in storage performance between ‘Fuji’ and the
other ‘Delicious’ strains may mainly be due to differences in mealiness or nonmealiness.

A genetic contribution to watercore and mealiness in the ‘Fuji’-related apples was demonstrated by
Kunihisa et al. [10], who examined genomic dissection of ‘Fuji’ using 115 accessions of its descendants
and parents. In that study, one quantitative trait loci (QTL) was detected for the following traits: degree
of watercore and mealiness, acidity, and harvest day. The QTL for a high degree of watercore was
detected in the middle of chromosome (chr)14, whereas the one for mealiness was detected at the
middle of chr1. ‘Fuji’ has inherited haplotypes from both ‘Delicious’ and ’Ralls Janet’. The haplotype
of ‘Fuji’ derived from ‘Delicious’ in the chr14 region dominantly causes watercore, whereas one in the
chr1 region causes mealiness. For mealiness, another QTL associated with MdPG1 was detected from
different F1 population [40]. So far, as ‘Fuji’ descendant, however, 90% of selected cultivars or superior
breeding lines have inherited the haplotype of ‘Fuji’-derived ’Ralls Janet’ at the region of chr1 [10,48].

Sadamori, a leader of the ‘Fuji’ breeding team, recounted that most of the seedlings of ‘Ralls Janet’
and ‘Delicious’ generated sweet but mealy fruit in his memoir [49]. Among them (592 fruits), they
found only two crisp and nonmealy fruits. One of them, which exhibited excellent flavor, was what
eventually became ‘Fuji’ [49]. There was only a 0.3% frequency of nonmealy flesh from that cross;
however, nonmealy phenotypes are more common in ‘Fuji’-related accessions. Therefore, newly
developed watercore-susceptible lines derived from ‘Fuji’ have an improved chance of possessing both
excellent flavor and texture. Additional genetic information on the turgor reduction after harvest and
its physiological understandings will help further improve and maintain the crispness of apples.
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3.2. Watercore and Texture

Juiciness positively contributes to perceived freshness and is dependent on water content [50].
The water content of watercored apples is higher than that of nonwatercored apples, which is caused
by the fluid within intercellular spaces or apoplast that causes watercore. Iwanami et al. [50] reported
that both the water content of the whole fruit and apoplast tissues positively correlated with juiciness,
affirming that watercored apples exhibit greater juiciness than nonwatercored apples. Although the
report did not refer to watercore, the juiciest apple, ’Oyume’, in their data is a cultivar that generally
develops rich watercore. Maintaining the perception of freshness in apples, which are commonly stored
for relatively long periods of time, is crucial for continued consumer appeal and requires appropriate
storage conditions.

In order to establish a storage technique for high-quality watercored ‘Fuji’, Onodera et al. (2010) [51]
investigated storability of apples that exhibited >30% watercoring. Time-course measurements of
firmness and watercore degree were taken during 3 months of storage and 14 days of shelf time under
regular atmosphere (RA). Both watercore degree and firmness decreased with time, and these exhibited
significant positive correlation to each other (Figure 4). These results were in agreement with those of a
previous report of Bowen and Watkins [14], which stated that flesh firmness at harvest initially tended
to decrease with watercore scores and then significantly increased as watercore enhanced. These data
suggest that highly watercored apples may maintain a firmer texture than lesser watercored apples for
a few months after harvest. Further case examples are required.

Figure 4. Watercore degree (0–4) and flesh firmness of ‘Fuji’ apple. Reproduced with permission from
Onodera [51].

Being a major plant growth regulator and ripening hormone, ethylene is considered to be involved
in the softening of apples [41,52]. Internal ethylene concentration (IEC) was measured in relation to
watercore degree. Bowen and Watkins [13] reported that IEC increased with the watercore degree,
whereas Argenta et al. [53] reported that IEC was higher in fruit with a low watercore score, and it
decreased in fruits with a high watercore score compared with watercore-free. There have been few
studies regarding the firmness of watercored apples under storage and its regulation, limiting what is
currently known. As watercored apples gain popularity, further studies will likely greatly elucidate
the relationship between firmness and watercoring.

4. Watercore During Storage

Watercored apples are likely to develop physiological disorders in the flesh, including watercore
breakdown, internal browning, and various other disorders and, in some cases, worsen the degree
of existing disorders [3–5,53–56]. These disorders often hinder the storability of apples and their
use as a long-shelf life commodity. Watercore development is accompanied by photosynthetic
carbohydrate accumulation in the fruit; consequently, as harvest is delayed, the degree of watercore
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increases [14,57,58]. Therefore, watercore-susceptible cultivars are often harvested long before maturity
at the expense of sweet flavor.

Onodera et al. [51] investigated the storability of highly watercored ‘Fuji’ with or without
1-methylcyclopropene (1-MCP) treatment for 3 months. Watercore breakdown did not occur until 3
months after harvest, irrespective of 1-MCP treatment and temperature settings. Another experiment
in Figure 5 presents a time course of watercore degree and incidence of watercore breakdown during
shelf life. The storage conditions were set at −1 ◦C or 2 ◦C for an initial 2 months and at 5 ◦C for
9 days followed by 20 ◦C for 14 days. Watercore degrees gradually decreased in all treatments during
the experiment, and the incidence of watercore breakdown was detected at 14 days after storage
at 20 ◦C. These results indicate that watercored ‘Fuji’ can be stored for up to 3 months under RA
with refrigeration.

Figure 5. Time course of watercore degree (0–4) and watercore breakdown incidence (area %) in
‘Fuji’ apple. n = 30. (a) Watercore degree, (b) watercore breakdown incidence. Watercore breakdown
was not observed in the apples that were initially stored at 2 ◦C. Reproduced with permission from
Onodera [51].

Storage performance over a much longer duration than that reported by Onodera et al. [51] was
reported by Kasai et al. [59] to determine which cultivars were resistant to physiological disorders and
deterioration of flavor and texture. Apples of 30 cultivars were harvested at their commercial harvest
time in the fall and stored under RA, CA, and 1-MCP treatment until mid-June of the next year at 0 ◦C
followed by under RA at 20 ◦C for 5 days. The watercore degree and flesh browning disorder, which is
regarded as a serious problem in watercored apples, were analyzed, and flesh browning disorder was
found to occur in most cultivars irrespective of the presence or absence of watercore at harvest, except
for ’Shuyo’ and ’Ambitious’. Figure 6a presents the relationship between watercore scores at harvest
and flesh browning disorder incidence after storage. Seven cultivars scored >2 in watercore, and most
of them had high incidence of physiological disorders. However, the incidence in ‘Fuji’ was low for
the score of watercore, which may have been due to the disappearance of watercore. The remaining
watercore after storage and the incidence of flesh browning disorders are presented in Figure 6b. Flesh
browning occurred irrespective of the remaining watercore score and storage condition; however,
highly watercored remaining fruits exhibited severe flesh browning without exception. Watercore
is not the only cause of the flesh browning disorder; however, prolonged, severe watercore greatly
enhances the severe incidence in flesh.
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Figure 6. Watercore degree (0–4) and incidence of flesh browning disorders (0–3) in various apple
cultivars. (a) Incidence degree to watercore degree at harvest; (b) Incidence degree to watercore degree
after storage. n = 10. 1: ‘Shuyo’; 2: ‘Seimei’; 3: ‘Shinano Sweet’; 4: ‘Sekaiichi’; 5: ‘Morinokagayaki’;
6: ‘Starking Delicious’ (SD); 7: ‘Kitarou’; 8: ‘Jona Gold’; 9: ‘Koutaro’; 10: ‘Yoko’; 11: ‘Megumi’; 12:
‘Aori 27′; 13: ‘Aikanokaori’; 14: ‘Mutsu’; 15: ‘Shinano Gold’; 16: ‘Mahe 7′; 17: ‘Hokuto’; 18: ‘Orin’; 19:
‘Aori 15′; 20: ‘Gunma Meigetsu’; 21: ‘Koukou’; 22: ‘Slim Red’; 23: ‘Fuji’; 24: ’Mellow’; 25: ‘Koutoku’;
26: ‘Ambitious’; 27: ‘Romu 50′; 28: ‘Granny Smith’; 29: ‘Cripps Pink’; 30 ‘Aori 21′; 31: ‘Fuji’ (bagged).
Reproduced with permission from Kasai et al. [59].
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Storage longer than 4–5 months usually utilizes several treatments to suppress respiration and
ethylene function, which results in an inhibition of aroma synthesis. This inhibits the generation of
distinct, sweet aroma, which is the advantage of fresh watercore-rich apples and which cannot be
produced after CA storage. In other words, watercored apples should be eaten within a few months of
harvest or earlier, especially highly watercore-rich fruits.

Based on work from several previous studies, watercore development can be enhanced or inhibited
using cultural techniques on watercore-susceptible cultivars. Watercore is promoted by low or high
air temperatures during the preharvest period, large fruit, poor calcium concentration, high nitrogen
and boron nutrition, a high leaf-to-fruit ratio, excessive fruit thinning, high or low light exposure,
growth in volcanic ash soil, ethrel (ethephon) and gibberellin treatment, and girdling of the trunk
and limbs [9]. Therefore, to develop rich watercore for a premium product, fruits are allowed to
increase photosynthate accumulation by means of increasing the light received by the leaves and fruits
and harvesting at full maturity. To maintain a long shelf life without the watercore physiological
disorder, photosynthate accumulation in fruits is limited by earlier harvesting and fruit bagging. Apple
producers choose one of these cultivation methods according to demand and their business policies.

5. Conclusions

Watercore in apple had been avoided for years due to the mealy texture and brown flesh incidence
associated with it. Currently, however, watercore-rich apples are gaining popularity, mainly in Asian
countries. ‘Fuji’, the first rich-watercored cultivar that is free from texture deterioration, greatly
contributed to the paradigm shift. ‘Fuji’ resulted from a cross made in 1939, and though many decades
have passed, the potential of ‘Fuji’ as a high-quality apple is still being shown by integration of diverse
analytical methods, such as instrumental analysis and sensory, chemical, physiological, and genetic
aspects. Still, there are many unresolved issues related to apple quality. Expanding the understanding
of the nature and physiology of apple will continue to lead to improvements in apple quality by
utilizing various concepts, approaches, and techniques.

Supplementary Materials: The following are available online. Table S1: Intensity of volatiles in watercored and
nonwatercored ‘Fuji’ and ‘Koutoku’ apples, Table S2: Intensity of water-soluble compounds in watercored and
nonwatercored ‘Fuji’ and ‘Koutoku’ apples.
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36. Bowen, A.J.; Blake, A.; Tureček, J.; Amyotte, B. External preference mapping: A guide for a consumer-driven

approach to apple breeding. J. Sens. Stud. 2018, 34, e12472. [CrossRef]
37. Harker, F.R.; Redgwell, R.J.; Hallett, I.C.; Murray, S.H.; Carter, G. Texture of fresh fruit. Hortic. Rev. 1997, 20,

121–224.
38. Iwanami, H.; Moriya, S.; Kotoda, N.; Takahashi, S.; Abe, K. Influence of mealiness on the firmness of apples

after harvest. HortScience 2005, 40, 2091. [CrossRef]
39. Jowitt, R. The terminology of food texture. J. Texture Stud. 1974, 5, 351–358. [CrossRef]
40. Harker, F.R.; Johnston, J.W. Importance of texture in fruit and its interaction with flavour. In Fruit and

Vegetable Flavour; Woodhead Publishing Limited: Cambridge, UK, 2008; pp. 132–149.
41. Johnston, J.W.; Hewett, E.W.; Hertog, M.L.A.T.M. Postharvest softening of apple (Malus domestica) fruit:

A review. New Zealand J. Crop Hortic. Sci. 2002, 30, 145–160. [CrossRef]
42. Wei, J.; Ma, F.; Shi, S.; Qi, X.; Zhu, X.; Yuan, J. Changes and postharvest regulation of activity and gene

expression of enzymes related to cell wall degradation in ripening apple fruit. Postharvest Biol. Technol. 2010,
56, 147–154. [CrossRef]

43. Meilgaard, M.; Civille, G.; Carr, B. Sensory Evaluation Techniques, 2nd ed.; CRC: Boca Raton, FL, USA, 1991.
44. Nara, K.; Kato, Y.; Motomura, Y. Involvement of terminal-arabinose and-galactose pectic compounds in

mealiness of apple fruit during storage. Postharvest Biol. Technol. 2001, 22, 141–150. [CrossRef]
45. Iwanami, H.; Ishiguro, M.; Kotoda, N.; Takahashi, S.; Soejima, J. Optimal sampling strategies for evaluating

fruit softening after harvest in apple breeding. Euphytica 2005, 144, 169–175. [CrossRef]
46. Wakasa, Y.; Kudo, H.; Ishikawa, R.; Akada, S.; Senda, M.; Niizeki, M.; Harada, T. Low expression of an

endopolygalacturonase gene in apple fruit with long-term storage potential. Postharvest Biol. Technol. 2006,
39, 193–198. [CrossRef]

47. Iwanami, H.; Moriya, S.; Kotoda, N.; Abe, K. Turgor closely relates to postharvest fruit softening and can be
a useful index to select a parent for producing cultivars with good storage potential in apple. HortScience
2008, 43, 1377. [CrossRef]

48. Moriya, S.; Kunihisa, M.; Okada, K.; Iwanami, H.; Iwata, H.; Minamikawa, M.; Katayose, Y.; Matsumoto, T.;
Mori, S.; Sasaki, H.; et al. Identification of QTLs for flesh mealiness in apple (Malus × domestica Borkh.).
Hortic. J. 2017, 86, 159–170. [CrossRef]

49. Sadamori, S. Memories on breeding of apple ‘Fuji’. J. Agric. Sci. 1972, 27, 419–421. (In Japanese)
50. Iwanami, H.; Moriya, S.; Okada, K.; Abe, K.; Kawamorita, M.; Sasaki, M.; Moriya-Tanaka, Y.; Honda, C.;

Hanada, T.; Wada, M. Instrumental measurements of juiciness and freshness to sell apples with a premium
value. Sci. Hortic. 2017, 214, 66–75. [CrossRef]

51. Onodera, R.; Kudo, M.; Takahashi, K.; Nakamura, Y.; Hayama, H. Long term storage of water core apple
‘Fuji’. Tohoku Agric. Res. 2010, 63, 111–112. (In Japanese)

52. Tatsuki, M. Ethylene biosynthesis and perception in fruit. J. Jpn. Soc. Hortic. Sci. 2010, 79, 315–326. [CrossRef]
53. Argenta, L.; Fan, X.; Mattheis, J. Impact of watercore on gas permeance and incidence of internal disorders in

‘Fuji’apples. Postharvest Biol. Technol. 2002, 24, 113–122. [CrossRef]
54. O’Loughlin, J. Storage behaviour of ‘Richared’ and ‘Starkrimson’ delicious apples. Sci. Hortic. 1978, 9, 41–46.

330



Molecules 2020, 25, 1114

55. Fukuda, H. Relationship of watercore and calcium to the incidence of internal storage disorders of ‘Fuji’
apple fruit. J. Jpn. Soc. Hortic. Sci. 1984, 53, 298–302. [CrossRef]

56. Argenta, L.C.; Fan, X.; Mattheis, J.P. Responses of ‘Fuji’apples to short and long duration exposure to elevated
CO2 concentration. Postharvest Biol. Technol. 2002, 24, 13–24. [CrossRef]

57. Kato, K.; Sato, R. The ripening of apple fruits. II. Interrelations of respiration rate, C2H4 evolution rate
and internal gas concentrations, and their relations to specific gravity or watercore during maturation and
ripening. J. Jpn. Soc. Hortic. Sci. 1978, 46, 530–540. (In Japanese) [CrossRef]

58. Harker, F.R.; Watkins, C.B.; Brookfield, P.L.; Miller, M.J.; Reid, S.; Jackson, P.J.; Bieleski, R.L.; Bartley, T.
Maturity and regional influences on watercore development and its postharvest disappearance in ‘Fuji’
apples. J. Am. Soc. Hortic. Sci. 1999, 124, 166. [CrossRef]

59. Kasai, S.; Kobayashi, T.; Kudo, T.; Goto, S. Appropriate combinations of apple cultivars and storage
technologies for long-term storage. Hortic. Res. (Jpn.) 2019, 18, 173–184. (In Japanese) [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

331





molecules

Review

Volatile Flavor Compounds in Cheese as Affected by
Ruminant Diet

Andrea Ianni 1, Francesca Bennato 1, Camillo Martino 2, Lisa Grotta 1 and Giuseppe Martino 1,*

1 Faculty of Bioscience and Technology for Food, Agriculture and Environment, University of Teramo, Via R.
Balzarini 1, 64100 Teramo, Italy; andreaianni@hotmail.it (A.I.); francescabennato82@gmail.com (F.B.);
lgrotta@unite.it (L.G.)

2 Istituto Zooprofilattico Sperimentale dell’Abruzzo e del Molise “G. Caporale”, Via Campo Boario,
64100 Teramo, Italy; c.martino@izs.it

* Correspondence: gmartino@unite.it; Tel.: +39-0861-266950

Received: 11 December 2019; Accepted: 21 January 2020; Published: 22 January 2020

Abstract: Extensive research has been conducted concerning the determination and characterization
of volatile compounds contributing to aroma and flavor in cheese. Considerable knowledge has
been accumulated on the understanding of the mechanisms through which these compounds are
formed during ripening, as well as on the optimization of the methodological approaches which
lead to their detection. More recently, particular attention has been given to the aromatic properties
of milk and cheeses obtained from lactating dairy ruminants fed experimental diets, characterized,
for instance, by the addition of trace elements, natural supplements, or agricultural by-products
rich in bioactive compounds. The purpose of this review is to summarize the major families of
volatile compounds most commonly found in these types of dairy products at various ripening
stages, describing in greater detail the role of animal diet in influencing the synthesis mechanisms
most commonly responsible for cheese flavor determination. A large number of volatile compounds,
including carboxylic acids, lactones, ketones, alcohols, and aldehydes, can be detected in cheese.
The relative percentage of each compound depends on the biochemical processes that occur during
ripening, and these are mainly mediated by endogenous enzymes and factors of bacterial origin
whose function can be strongly influenced by the bioactive compounds taken by animals with the diet
and released in milk through the mammary gland. Further evaluations on the interactions between
volatile compounds and cheese matrix would be necessary in order to improve the knowledge on the
synthesis mechanisms of such compounds; in addition to this, more should be done with respect
to the determination of synergistic effects of flavor compounds, correlating such compounds to the
aroma of dairy products.

Keywords: lactating ruminants; milk; cheese; volatile compound; lipolysis; proteolysis

1. Introduction

Chemical stability represents the fundamental characteristic of numerous processed foods.
However, in the case of cheese, reference is made to a highly dynamic product from the biochemical
point of view, especially in those cheeses subjected to ripening. During this period hundreds of volatile
compounds (VOCs) can be produced, thus giving rise to flavors and odors that are characteristic of
each cheese variety [1].

The main biochemical pathways that occur during the cheese ripening are represented by the
metabolism of residual lactose, lactate, and citrate, lipolysis which is associated to the release of free
fatty acids (FFAs), and proteolysis that is responsible for casein degradation to peptides with different
molecular weights and free amino acids (FAAs). In addition, all the catabolic reactions against FFAs
and peptides that give rise to a wide range of VOCs should be included [2].
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In the last decades several studies have been conducted with the aim of investigating the specific
mechanisms responsible for the production of sapid compounds in cheese during ripening. This
approach was driven by the intention to obtain information on the flavor chemistry of many cheese
varieties. An aspect to which less attention has been given regards the influence of the feeding strategies
administered to ruminants on the volatile profile found in ripened dairy products. It is well known that
by modifying animal diet, variations in the chemical-nutritional composition can be induced in milk.
Consequently, the characteristics found in milk can be transferred in cheese, making available different
substrates for the metabolic functions of starter or non-starter bacteria and for the activities of lipolytic
or proteolytic enzymes of endogenous origin [3]. This means that volatile and sensory characteristics of
ripened cheeses are largely defined by the technological approach and the initial chemical composition
of the raw material [4]. The basic dietary factors that should be considered in ruminants for their effect
on milk composition are represented by the fiber content, the ratio between forage and a concentrate
(generally consisting of cereal and legume flours in addition to mineral and vitamin supplements), the
carbohydrate composition of the concentrate, and the lipid amount, meal frequency, and intake [5].
Over time these aspects have been extensively characterized, especially with a view to obtaining a milk
with a greater predisposition to be used for the production of manufactured products [6].

Numerous studies have focused their attention on the correlation between certain variations in
the chemical composition of milk and the presence in the ruminant diet of specific classes of bioactive
compounds, for instance polyphenols and terpenes, which can be mostly found in plants [7,8]. In this
regard a mention should be made to the work of Walker et al. [9], who discussed the most relevant aspects
able to induce effects on fatty acid composition of dairy cows’ milk. High intake of starch is associated
with increased de novo synthesis of fat in the mammary gland, with a consequent increase in the milk of
saturated fatty acids (SFAs). In contrast, dietary intake of higher concentrations of polyunsaturated fatty
acids (PUFAs) was demonstrated to be effective in inducing higher concentrations of unsaturated fatty
acids (UFAs), including conjugated linoleic acid (CLA). An increased intake of starch-based concentrates
is instead responsible for the reduction in milk fat concentration, a phenomenon which can be attributed
to variations in the balance between lipogenic and glucogenic volatile FAs of ruminal origin. However,
reduced fat levels in milk are presumably dependent also on the increased production in the rumen of
long-chain FAs containing a trans-10 double bond, specifically C18:1 trans-10 and C18:2 trans-10 cis-12,
in response to feeding strategies characterized by increased concentrations of PUFAs and/or starch.

In this context, we should include all studies in which ruminant diets have been integrated with
agro-industrial by-products and the effects on the chemical-nutritional composition of milk and cheeses
have been evaluated. For instance, the supplementation of dairy ewes’ diet with an olive crude phenolic
concentrate obtained from olive oil wastewater was demonstrated to be effective in inducing in milk
an increase in concentration of polyunsaturated fatty acids [10]. A similar behavior was also observed
by administering dairy cows with a diet enriched with dried grape pomace, the main by-product of
the wine industry; in this study the authors also evidenced an improvement of the oxidative stability
of ripened cheese [11]. In addition to this, grape pomace supplementation was also demonstrated to
induce in cow’s milk a significant increase in concentration of lactose and β-lactoglobulin, although no
effects were found for α-lactalbumin, albumin, and caseins [12]. Although the consideration may be
speculative, it is conceivable that such a finding may derive from the ability of bioactive compounds of
dietary origin to influence bovine gene expression. Indeed, a recent study has shown that 75 days
of dietary supplementation with dried grape pomace were effective in inducing variations in the
whole-transcriptome of Friesian calves. In that case the authors specifically focused their attention on
the pathway of cholesterol biosynthesis, and correlated the observed molecular variations with the
reduction in both serum cholesterol and lipid oxidation in carcasses [13].

More recently, a fair number of papers have been published concerning the influence of the feeding
strategy on the volatile profile of ripened dairy products obtained from lactating ruminants. The
objective of this review is therefore to reorganize, as much as possible, the findings in this research area,
in order to obtain a clearer view on the possible correspondences between the type of administered

334



Molecules 2020, 25, 461

diet and variations in concentration of specific VOCs found in dairy products during ripening. The
discussion will be performed on the individual classes of compounds (carboxylic acids, aldehydes,
lactones, ketones, alcohols, esters, and phenolic compounds), also giving a nod to the relevance
of specific VOCs in flavor perception and summarizing, if appropriate, the principal biochemical
pathways by which flavor compounds are produced and that could be influenced by the presence of
specific bioactive compounds of dietary origin.

2. Biochemical Mechanisms Responsible for the Production of Volatile Flavor Compounds in
Dairy Products

The biochemical mechanisms that characterize cheese ripening can be grouped into primary and
secondary events. Primary events are represented by the metabolism of residual lactose, lactate, and
citrate, as well as lipolysis and proteolysis. These events are then followed by secondary biochemical
mechanisms involved in the metabolism of fatty acids and amino acids, which directly contribute to
the synthesis of many VOCs, credited as having a high capacity to influence the cheese flavor [1,2,14].

2.1. Metabolism of Residual Lactose, Lactate, and Citrate

Lactose is the most represented carbohydrate in milk and is converted to lactate during the
cheesemaking by the lactic acid bacteria (LAB), inducing a decrease in pH. In turn, lactate can be
further processed by LAB in order to release formate, acetaldehyde, ethanol, and acetate [1,2]. With
regard to citrate, the residue remaining in the curd can be converted by citrate-positive LAB into acetate
and lactate after cheesemaking. This event is also responsible for the production of additional volatile
compounds such as acetoin, 2,3-butanediol, diacetyl, and 2-butanone [15].

2.2. Metabolism of Free Amino Acids (FAA)

The catabolism of FAAs represents the biochemical pathway mainly involved in the production of
aldehydes, alcohols, carboxylic acids, amines, and sulfur compounds (Figure 1) [16,17].

Figure 1. Schematic representation of the free amino acid (FAA) catabolism in cheese, modified from
Bertuzzi et al. (2018).
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The amino acid aminotransferase catalyzes a transamination reaction which leads to the conversion
of aromatic amino acids, branched-chain amino acids, methionine, and aspartic acid into α-ketoacids.
These compounds are then further metabolized to branched-chain and aromatic aldehydes, acyl-CoA,
hydroxy acids, and methanethiol [16,18]. The production of 2-methylpropanal, 2-methylbutanal, and
3-methylbutanal is respectively due to the transamination of valine, isoleucine, and leucine, while the
transamination reaction in which the substrate is represented by aspartic acid, is responsible for the
release of oxaloacetate, which is in turn further converted into acetoin, diacetyl, or 2,3-butanediol [15,19].
Recently, the pivotal role of the aspartic acid transamination was demonstrated in the production of
diacetyl in Lactobacillus paracasei [20]. Previously, in Lactococcus lactis var. maltigenes the existence of
specific enzymatic pathways responsible for the production of phenylacetaldehyde and methional was
observed, as a result of phenylalanine and methionine reduction, respectively [21].

With regard to aromatic aldehydes, these compounds are mainly formed starting from α-keto
acids deriving from the benzaldehyde released by the spontaneous oxidation of tryptophan and
phenylalanine. In this case it is therefore necessary to establish a condition causing a predisposition to
a redox reaction, which is reported to be strongly influenced by the temperature, since an increase
of this parameter involves catabolism acceleration [22]. Aldehydes represent the substrate of several
dehydrogenases, which are able to convert such compounds to alcohols or to oxidize them into the
corresponding carboxylic acids [16]. The metabolism of molds and yeast has been reported to be
mainly involved in the biosynthesis of primary and aromatic alcohols, with the consequent release of
corresponding carboxylic acids. In this regard, a study conducted by Yvon and Rijnen on Geotrichum
candidum and yeasts isolated from Camembert allowed for the characterization of the mechanisms
leading to the production of alcohols and carboxylic acids through FAA metabolism [23].

The excessive proteolysis in cheeses subjected to an uncontrolled ripening in terms of environmental
conditions and duration leads to the formation of high concentrations of FAAs that can be
decarboxylated, mainly by non-starter LAB, with the consequent release of biogenic amines, which are
associated with poor flavor and potentially negative effects on consumer health. The most relevant
biogenic amines are represented by histamine, tyramine, cadaverine, and putrescine, which are
respectively synthesized starting from histidine, tyrosine, lysine, and ornithine [24].

In the context of FAA catabolism, a noteworthy aspect is also represented by the elimination
reactions, which cleave the side chain of amino acids through a reaction catalyzed by a lyase. Over time
substantial evidence has been collected about the fact that these reaction are associated to potential
negative effects on flavor, as a consequence of the release of compounds such as p-cresol, phenethanol,
and indole. This pathway also leads to the synthesis of methanethiol from methionine, which can
be metabolized through a variety of different pathways. The major biosynthetic pathway in several
strains is that of cystathionine, which involves the intervention of a cystathionine lyase. The further
catabolism of methanethiol occurs through oxidative mechanisms performed by numerous LAB
species, which are responsible for the production of dimethyldisulfide and dimethyltrisulfide. These
compounds are reported to be characterized by low odor perception, thus markedly influencing the
cheese flavor [25,26].

2.3. Metabolism of Free Fatty Acids (FFAs)

Lipolysis in dairy products is supported by the activity of lipases, microbial enzymes, enzymes of
endogenous origin, and enzymes deriving from the added rennet pastes, which catalyze the triglyceride
hydrolysis, with the consequent production of medium-chain (chain lengths up to 10 carbon atoms) and
long-chain (chain lengths over than 10 carbon atoms) FFAs, di- and mono-glycerides, and glycerol [27].

The flavor properties of cheese are directly influenced by FFAs abundance and pH, and these
parameters tend to influence each other. In presence of high pH values in cheese, the FFAs are reported
to be less prone to the release of compounds capable of significantly influencing the flavor. Specifically,
in this condition the FFAs are converted in non-volatile salts which induce the onset of unpleasant
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“soapy” aromatic notes. When pH is low, the FFAs are present in volatile form in the dairy matrix, and
their excessive increase in concentration is generally effective in inducing a rancid taste [14].

As schematized in Figure 2, methyl ketones, secondary alcohols, straight-chain aldehydes, lactones,
esters, and S-thioesters represent classes of VOCs partially deriving from the catabolism of FFAs,
which therefore can contribute to the formation of cheese also indirectly as precursors of aromatic
compounds [18,28]. FFAs can undergo oxidation, giving origin to β-ketoacids, which are converted
to the corresponding methyl ketones through decarboxylation [17,27]. The biosynthetic pathway
of methyl ketones is mainly associated to biochemical mechanisms performed by molds; however,
hypotheses with regard to synthesis mechanisms induced by heating milk, or, alternatively, derived
from a direct esterification of β-ketoacids [28] have been proposed. With regard to ketones, their
possible overestimation in the volatile profile of dairy samples can occur as a consequence of the direct
conversion of the β-ketoacids in the gas chromatograph inlet [29].

Figure 2. Schematic representation of free fatty acid (FFA) catabolism in cheese, modified from Bertuzzi
et al. (2018).

The enzymatic reduction of ketones leads to the production of secondary alcohols, a mechanism
mainly attributed to molds (such as Penicillium spp.) which are specifically responsible for the
production of 2-pentanol, 2-heptanol, and 2-nonanol in blue veined cheeses [27]. Such compounds
are reported to minimally contribute to the cheese flavor, although the 2-heptanol was identified as a
strong odorant in Gorgonzola and Grana Padano cheese [26].

Unsaturated free fatty acids and esterified fatty acids can undergo an auto-oxidation process
through non-enzymatic mechanisms, releasing straight-chain aldehydes, mainly propanal, hexanal,
heptanal, octanal, and nonanal, that are responsible for the so defined “green grass-like” aroma [27].

The synthesis of esters can occur by esterification, mediated by esterases which use alcohols and
carboxylic acids as substrates, or through alcoholysis, which involves the activity of acyltransferases
and leads to the synthesis of esters from alcohols, acylglycerols, or acyl-CoA mainly derived from the
metabolism of FAAs and FFAs. The transfer to alcohols of fatty acyl groups from acylglycerols or
acyl-CoA derivatives represents the main biosynthetic mechanism adopted by LAB to obtain esters.
These compounds are associated to pleasant fruity notes able to reduce the sharpness and bitterness
that occur in dairy products in which an increase in concentration of FFAs and amines is observed [26].
During esterification or alcoholysis the production of S-methyl-thioesters may occur, a phenomenon
mainly correlated to the presence of methanethiol, therefore strictly dependent on the metabolism
of specific bacterial species such as Micrococcaceae Brevibacterium linens, and Geotrichum candidum.
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S-methyl-thioesters can be alternatively released by the reaction between FFAs and methanethiol, and
are commonly found on the surface of mold-ripened cheese and in blue veined cheeses, conferring
strong odors with low threshold perception [30].

Lactones are produced by hydroxylated FFAs, which are integrated in milk triglycerides and
released by reactions catalyzed by specific enzymes or induced by heating processes. In addition,
hydroxylated FFAs can alternatively be produced by the catabolism of unsaturated fatty acids mediated
by lipoxygenases and hydratases of microbial origin [28].

Unlike what has been reported for the other classes of compounds, phenols and terpenes can
be identified in several varieties of dairy products, as a direct consequence of their presence in milk
before the cheese-making. Phenolic compounds are mostly found in appreciable concentrations in
goat and ewe milk, and while they are generally associated with pleasant aromatic notes, they tend to
negatively affect the cheese flavor if present in excessive concentrations.

3. Major Volatile Flavor Compounds Found in Ripened Cheese and Influenced by Ruminant Diet

The lipolysis and the catabolism of fatty acids represent the most common biochemical mechanisms
in cheese during ripening [27]. Therefore, the most represented family of VOCs in cheeses is usually
that of carboxylic acids, generally composed of acids from C2 (acetic) to C10 or C12 (decanoic or
dodecanoic) [31], followed by other classes of compounds such as aldehydes, lactones, ketones, alcohols,
esters, and phenolic compounds. As summarized in Table 1, all these classes of compounds may
undergo variations in quantity and composition, as a consequence of variations in the diet administered
to ruminants.

Table 1. Summary of the most relevant variations found in different dairy products obtained from
ruminants fed experimental diets.

VOC Family
Dietary Supplement

(Ruminant)
Type of Dairy Product Effects Ref.

Carboxylic
acids

Dried grape pomace
(Friesian cows)

Fresh and 28-day ripened
Caciotta cheese ↓ Acetic acid [32]

Nutrient-rich pasture
(Simmental cows)

12-month ripened Montasio
cheese ↓ Butanoic acid

↓ Hexanoic acid
[33]

Dried grape pomace
(Friesian cows) 28-day ripened Caciotta cheese [34]

Dried licorice root (Saanen
goats)

Fresh and 30-day ripened
Caciotta cheese ↓ Hexanoic acid [35]

Organic zinc (Friesian cows) 30-day ripened Caciotta cheese ↑ Butanoic acid
↑ Hexanoic acid

[36]

5-day stored Giuncata cheese [37]

Extruded linseed (Saanen
goats) 60-day ripened Caciotta cheese ↓ Dodecanoic acid [38]

Aldehydes

Organic zinc (Friesian cows) 120-day ripened Caciocavallo
cheese ↑ Nonanal [39]

Organic zinc (half-breed
ewes) 90-day ripened Pecorino cheese ↑ Hexanal [40]

Organic selenium (Friesian
cows) 30-day ripened Caciotta cheese ↓ Hexanal

↓ Heptanal [41]

Lactones Organic zinc (Friesian cows)

120-day ripened Caciocavallo
cheese

↑ γ-nonalactone
↑ γ-dodecalactone
↑ δ-nonalactone
↑ δ-decalactone
↑ δ-dodecalactone
↑ δ-tetralactone

[39]

30-day ripened Caciotta cheese ↑ δ-octalactone
↑ δ-decalactone

[36]
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Table 1. Cont.

VOC Family
Dietary Supplement

(Ruminant)
Type of Dairy Product Effects Ref.

Lactones

Organic selenium (Friesian
cows) 30-day ripened Caciotta cheese [41]

Dried olive pomace (Friesian
cows) 30-day ripened Caciotta cheese ↑ γ-dodecalactone

↑ δ-octalactone [42]

Ketones and
Alcohols

Silages (Simmental cows) 68-day, 200-day and 360-day
ripened Montasio cheese

↑ acetone ↑
2-3-butanedione
↑ 2-butanone
↑ 2-hexanone
↑ 2-heptanone
↑ 2-methyl-1-butanol

[43]

Nutrient-rich vs
nutrient-poor pasture
(Simmental cows)

60-day ripened Montasio
cheese

↑ 2-Propanone 1

↑ 2-Hepta-none 1

↑ 2-Undecanone 1

↑ 3-Methyl-1-butanol 2

[44]

Organic selenium (Friesian
cows)

120-day ripened Caciocavallo
cheese

↑ 2-pentanone
↑ 2-nonan-2-one
↓ Hexanol

[45]

Esters

TMR + native pasture (dairy
cows) Ragusano Cheese Geranyl acetate 3

[E]-Methyl-jasmonate3 [46]

Organic zinc (Friesian cows)
120-day ripened Caciocavallo
cheese

↑ Ethyl butanoate
↑ Ethyl hexanoate
↑ Ethyl octanoate
↑ Ethyl nonanoate
↑ Ethyl decanoate
↑ Ethyl dodecanoate
↑ Ethyl tetradecanoate
↑ Ethyl hexadecanoate

[39]

30-day ripened Caciotta cheese ↑ Ethyl hexanoate
↑ Ethyl hexadecanoate [36]

Phenolic
compounds

Pasture (dairy cows)

Raw milk

↑ Toluene [47]

Crops (dairy cows)
↑ Ptaquiloside
↑ Genistein
↑ Daidzein

[48]

VOC = volatile compound; TMR = total mixed ration; ↑ = Increase in concentration; ↓ = Decrease in concentration.
1 Data referred to cheese obtained from cows fed the nutrient-poor pasture. 2 Data referred to cheese obtained from
cows fed the nutrient-rich pasture. 3 Compounds only found in cheeses obtained from cows fed the experimental
feeding strategy.

3.1. Acids

Acetic acid can be synthesized by the catabolism of lactose, citrate, and FAAs, can alternately be
derived from propionic fermentation, and is associated to pungent, vinegary, and acidic notes [1,32].
Ianni et al. [34] showed a significant decrease in concentration of this compound in fresh and 28-day
ripened cheeses obtained from lactating cows fed for 60 days with 5% dietary supplementation of
grape pomace, the major by-product of the oenological industry. A plausible explanation for this
finding probably lies in the fact that grape pomace induced in milk an increase in concentration of
long-chain fatty acids, making less likely the release of short-chain free fatty acids. In this regard,
the study of Harper et al. [49] is of note, in which milk fat was substituted with various vegetable
lipids in Romano and Cheddar cheeses. During the ripening process of cheese slurries, low molecular
weight free fatty acids were formed, although the vegetable fats did not contain these compounds.
As also discussed by Urbach [29], this interesting behavior was not fully characterized by authors from
a microbiological and biochemical point of view, and it is therefore possible that the behavior observed
may in part have been determined by exogenous factors.
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Butanoic and hexanoic acids are considered to be the primary cause of strong and, in some cases,
unpleasant odors defined as cheesy, rancid, and sweaty, and their tendency to increase in concentration
during ripening in hard cheeses has been widely observed and characterized [50,51]. In a recent study
conducted by Aprea et al. [33] a significantly lower concentration of both compounds was observed in
ripened Montasio cheese obtained from Italian Simmental cows grazing in a pasture characterized
by a nutrient-rich vegetation type. A similar behavior was also observed in other studies in which
the ruminant diet was supplemented with plant matrices, which is particularly interesting from the
biological point of view, due to the high content of bioactive compounds. Specifically, the reduction of
butanoic and hexanoic acids in ripened cheeses was obtained by enriching the diet of Saanen goats with
1% of dried licorice root for 60 days [35], and by administering dietary grape pomace supplementation
in lactating Friesian cows [34]. In contrary to the above reported, an increase in butanoic and hexanoic
acid was evidenced in dairy products obtained from Friesian cows given dietary zinc supplementation.
The particularity in this case lies in the fact that this finding was observed both in a 30-day ripened
Caciotta cheese and in a fresh Italian dairy product, the Giuncata cheese, which was analyzed after
5 days of storage at 4 ◦C [36,37]. The general increase in concentration of FFAs, such as butanoic and
hexanoic acids, is commonly explained by the extent of starter cell autolysis during cheese ripening,
with the consequent release of enzymes, especially lipases, that promote lipolysis by cleaving the
ester linkage between the fatty acid and the glycerol of the triacylglycerol [27]. The breaking of the
bacterial envelope and the release of enzymatic factors into the extracellular environment is mediated
by peptidoglycan hydrolases, commonly named autolysins, which are characterized by an N-terminal
domain, a central catalytic domain, and a C-terminal domain containing a binding motif for zinc,
which therefore represent a valuable cofactor [52]. The increase of FFAs in the presence of zinc may
therefore depend by the ability of the trace element to favor bacterial autolysis in cheese. In the case
of licorice root and grape pomace the opposite phenomenon was instead observed, presumably due
to the ability of bioactive compounds deriving from these matrices to slow down the lipolytic action.
In this regard it could be taken into account that lipase activity in cheese is strongly influenced by
the concentration and type of fatty acids present in the reaction environment [3]. Indeed, the dietary
intake of both licorice and grape pomace induced in milk significant variations in the fatty acid profile,
with a presumable effect especially on lipases of endogenous origin. This interpretation could also be
applied to the just-mentioned studies based on the use of zinc with respect to the reduced production
of short-chain FFAs in dairy products, and an increase in concentration of long-chain fatty acids in milk
and specifically vaccenic (C18:1 trans-11), oleic (C18:1 cis-9), linoleic (C18:2 cis-9, cis-12), and rumenic
(C18:2 cis-9, trans-11) acids.

With regard to the longer chain carboxylic acids, the picture seems to appear more complex. In a
study conducted on ripened goat cheese, evidence was found of a tendency for octanoic, decanoic
and dodecanoic acids to increase in concentration after short aging periods (about 12 weeks), reaching
concentrations well above the threshold values of aroma perception [53]. Octanoic acid is considered to
be the main “goaty” compound in dairy products, and is reported to exhibit a waxy aroma that strongly
contributes to the flavor of hard goat cheeses. Also, decanoic and dodecanoic acids undoubtedly
influence the overall flavor of hard cheeses, and their increase is generally associated to soapy flavor [54].
With regard to the effect of the ruminant diet on the concentration of these compounds in dairy products
during ripening, the study conducted by Bennato et al. [38] is noteworthy, as a reduction of dodecanoic
acid was observed in a 60-day ripened cheese obtained from goats given dietary supplementation
with extruded linseed. This plant matrix did not induce changes in the chemical composition of milk;
the only variation was represented by the increase in concentration of linolenic acid (C18:3 cis9, cis12,
cis15), which is known to be particularly represented in linseed. As previously reported, an effect of
different acidic compositions of milk in influencing the activity of endogenous lipases during cheese
ripening [3] could be hypothesized.
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3.2. Aldehydes

Aldehydes are strongly flavored compounds and are commonly associated in foods to aroma
defects referred to as oxidative rancidity [1,27]. These compounds are mainly released by the catabolism
of FAAs and, in turn, represent the substrate for specific dehydrogenases responsible for the production
of alcohols and carboxylic acids [17]. Aldehydes can also derive from non-enzymatic auto-oxidation
reactions which lead to the degradation of unsaturated fatty acids, both free and esterified. These
reactions do not occur with high frequency, since the cheese is characterized by a reducing environment.
However, this event is responsible for the release of straight-chain aldehydes, which are reported to be
associated with pleasant flavor notes [28]. The dairy matrices particularly rich in polyunsaturated fatty
acids are therefore more prone to encountering oxidative phenomena able to produce aldehydes.

Recently, the enrichment of the ruminant diet with trace elements, such as zinc and selenium,
resulted effective in inducing in milk, and consequently in cheese, an increase in concentration of
PUFAs [39–41]. With regard to zinc, the authors specifically observed an increase in desaturation
of stearic acid, and this finding was at least in part attributed to the role of zinc as a cofactor for a
protease involved in the expression of stearoyl coenzyme A desaturase (SCD) in the mammary gland.
SCD is reported to be an endoplasmic reticulum-bound enzyme responsible for the Δ9-desaturation
of saturated fatty acyl-CoAs. The gene expression of this enzyme is mediated by the sterol response
element binding proteins (SREBPs) which are activated by a metalloprotease (Site-2 protease) that needs
zinc to perform its catalytic function [55,56]. In these studies, the analysis of volatile profile in dairy
products did not evidence significant variations in the amount of total aldehydes. Authors discussed
this finding by advancing the hypothesis of a role of zinc and selenium in curbing the oxidative damage,
a conclusion also supported by the reduction of lipid oxidation evaluated by measuring in cheese the
thiobarbituric acid reactive substances (TBARS). In this regard, zinc has been reported to inhibit lipid
peroxidation in biological systems by competing with prooxidant metals (i.e., Cu and Fe) for binding
sites, thus decreasing their ability to transfer electrons in a particular environment [57]. In the case
of selenium, its antioxidant property lies in the ability to act as a scavenger of reactive oxygen-based
radicals, with a direct effect in opposing the lipid oxidation in biological systems [58]. Although no
differences were found in the total aldehyde content, interesting differences were observed at the
level of individual compounds. The dietary zinc supplementation induced a significant increase in
concentration of nonanal and hexanal in 120-day ripened Caciocavallo cheese and in 90-day ripened
Pecorino cheese, respectively [39,40], whereas the selenium supplementation administered to Friesian
cows was effective in inducing a decrease in hexanal and heptanal in samples of 30-day ripened
Caciotta cheese [41]. Therefore, in light of what has been reported, dietary zinc enrichment seems to
induce a better effect on the aromatic properties of ripened dairy products, since nonanal and hexanal,
unlike other aldehydes, are commonly associated with pleasant herbal and slightly fruity notes [28].

3.3. Lactones

The main precursors of lactones are represented by hydroxylated FFAs which are incorporated in
milk fat triglycerides and released as a result of enzymatic lipolytic mechanisms or the heating process.
Hydroxylated FFAs can also be produced by the activities of lipoxygenases or hydratases of microbial
origin, within the catabolism of unsaturated fatty acids. A reaction of one-step transesterification
is effective in synthesizing lactones from hydroxylated FFAs [28]. These mechanisms heavily and
quite positively affect the cheese flavor, since lactones are associated with very pronounced fruity
notes, although they have been found to also contribute in cheese to the buttery character [59]. The
synthesis of lactones leads to the release of α- and β-lactones that are reported to be highly reactive
and unstable, while γ- and δ-lactones are stable and have been identified in several dairy products. In
Cheddar cheese, the concentration of lactones rapidly increased in the early stages of the ripening,
reaching levels well above their thresholds of flavor perception. δ-Octalactone was reported to be
the most represented lactone in Parmigiano Reggiano cheese, while γ-decalactone, δ-decalactone,
γ-dodecalactone, and δ-dodecalactone have been found in several French blue cheeses [60].
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Also in this case, the studies previously cited have highlighted an active role of the ruminant diet
in inducing a change in the relative concentration of this class of volatile compounds. In Caciocavallo
cheese obtained from Friesian cows given zinc supplementation, there was evidence of different lactones:
γ-nonalactone, γ-dodecalactone, δ-nonalactone, δ-decalactone, δ-dodecalactone, and δ-tetralactone.
All these compounds went through a significant increase in concentration at the end of the 120 days
of ripening [39]. No specific studies have been conducted on the effect of zinc in the biosynthetic
pathway of lactones; however, as reported in the previous paragraphs, a role of the trace element
in promoting the starter cells autolysis with consequent release of lipases in the dairy environment
could be hypothesized [52]. This event has been reported to be responsible for the increase in
concentration of FFAs, from which hydroxyacids, precursors of γ- and δ-lactones [28], are derived.
The dietary zinc supplementation was also reported to induce an increase in concentration of lactones
in samples of 30-day ripened Caciotta cheese, in which the compounds involved were however limited
to δ-octalactone and δ-decalactone [36]. This phenomenon, involving δ-octalactone and δ-decalactone,
has also been observed in samples of 30-day ripened Caciotta cheese obtained from lactating Friesian
cows given dietary selenium supplementation [41]. This finding therefore suggests a common role of
trace elements in favoring the biochemical mechanisms, especially of an enzymatic type, responsible
for the synthesis of this class of VOCs.

Interestingly, lactones did not seem to undergo noteworthy variations in experimentations in
which the diet of dairy goats and cows was supplemented with plant matrices such as linseed, licorice
root, and grape by-products, rich in compounds credited of considerable interest from a biological point
of view because of their well characterized anti-inflammatory and antioxidant properties [34,35,38].
An exception to this consideration is found in the study conducted by Castellani et al. [42], who
administered to dairy cows a dietary supplementation of olive pomace, a by-product of the olive oil
production, rich in fiber and unsaturated fatty acids. In samples of 30-day ripened Caciotta cheese,
authors observed an increase in concentration of γ-dodecalactone and δ-octalactone, together with
compounds belonging to other chemical classes such as 2-octenal and 1-hexanol.

3.4. Ketones and Alcohols

Ketones and alcohols mainly derive from biochemical mechanisms involving the lysis of
triglycerides and the oxidation of saturated FFAs, with the consequent production of ketoacids
that are decarboxylated to ketones which, in turn, can be reduced to obtain alcohols [61]. These
compounds are mainly released by molds such as Penicillium roqueforti and Penicillium camemberti,
which are responsible for typical odors that characterize the aroma of ripened blue veined cheeses [27].
In order to appreciate the potential contribution of these compounds to the cheese aroma, it could
be useful to consider that in water, methyl ketones are reported to be characterized by perception
thresholds that are quite low, ranging from 0.09 mg·100 g−1 for 2-heptanone and 4.09 to 50.0 mg·100 g−1

for 2-propanone [28].
In many studies on the volatile profile of cheeses, these classes of compounds are present in

limited concentrations, precisely due to the fact that in the manufacturing of many dairy products
molds are unwanted and strongly countered [29]. In addition to this, it should be mentioned that
the concentration of ketones and alcohols does not seem to be particularly related to the degree of
maturation of the cheeses, with a heterogeneous condition of complicated interpretation.

Stefanon and Procida [43] conducted a study aiming to evaluate the effects of including silage
in dairy cow diet on the volatile profile of Montasio cheeses. During cheese ripening, significant
variations were evidenced for ketones and mostly for the amount of total alcohols, with specific changes
in concentration of ethanol, isobutanol, 1-penten-3-ol, and 2-methyl-1-butanol. Authors discussed
these findings by assuming a direct effect of diet composition in affecting microbial and chemical
fermentations in cheese during ripening rather than a transfer of selected compounds from milk. The
Montasio cheese was also the subject of the research conducted by Bovolenta et al. [44], who performed
evaluations on the volatile profile of cheese obtained by using raw milk coming from Italian Simmental
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cows grazing on two alpine pastures different for botanical composition. The “nutrient-poor pasture”
resulted effective in inducing molding of the volatile profile of 60-day ripened cheese; in particular an
overall increase in concentration of ketones, phenolic compounds, and terpenes was observed, with
consequent slight effects noticed by panelists in the sensory analyses. With specific regard to terpenes,
during cheese ripening differences were observed that the authors justified by taking into account the
study of Belviso et al. [62] who demonstrated the ability of lactic acid bacteria isolated from cheese to
influence the terpenoid biosynthesis.

An interesting behavior was recently observed in the volatile profile of Caciotta cheese obtained
by enriching dairy cows diet with olive pomace. The dietary supplementation was effective in inducing
a significant increase in FFAs, ester, and ketones in raw milk; however, following pasteurization and
cheese-making, these differences disappeared both in the fresh and 30-day ripened dairy product [63].
Authors did not specifically investigate this phenomenon but hypothesized that the observed variations
could at least in part derive from a change in the microbial population in pasteurized milk cheese,
thus passing from a prevalence of lactic acid bacteria in raw milk to a greater concentration of the
microbial genera used for pasteurized cheese manufacturing (Lactococcus, Lactobacillus, Streptococcus,
and Propionibacterium).

Ianni et al. [45] compared the aromatic compounds of Caciocavallo cheeses obtained from Friesian
cows fed a standard diet and a diet supplemented with selenium. Although the trace element did
not induce differences in the chemical composition of milk and cheese, interesting variations were
identified in the volatile profile of 120-day ripened cheeses, in which an increase in concentration of
two methyl ketones (2-pentanone and 2-nonan-2-one) and a decrease of an alcohol (1-hexanol) were
found. In this study changes in the family of ethyl esters were also highlighted, but no evaluations
were executed on the hypothetical consumer acceptability of the experimental dairy product, since no
sensory analyses were performed.

3.5. Esters

Esters represent a class of VOCs indirectly involved in the metabolism of FFAs [27]. Many of these
compounds are reported to have low perception thresholds and are widely associated to a pleasant
aroma characterized by sweet, fruity, and floral notes; furthermore, esters are appreciated for their role
in stemming the bitterness and sharpness of cheeses, very often due to the high content of amines and
FFAs [64].

Carpino et al. [46] analyzed the aroma-active compounds of Ragusano cheese obtained from
dairy cows fed a total mixed ration (TMR) supplemented with native Sicilian pastures, in comparison
with the same cheese obtained from cows fed only TMR. In samples of Ragusano cheese derived
from native pasture 8 unique volatile flavor compounds were identified, among which 2 were esters,
specifically geranyl acetate and [E]-methyl jasmonate. The latter compound represents a mediator of
the physiological defense mechanisms adopted by plants subjected to stress induced by herbivorous
insects. Specifically, when damage occurs plants produce VOCs reported to have detrimental effects
on insect physiology [65]. The physical damage of the plant tissue entails the activation of the
octadecanoid-lipoxygenase (LOX) pathway, responsible for the release of a wide range of lipid-derived
VOCs. Therefore, it is conceivable that a small part of these compounds can be identified in raw
milk and consequently in the cheese of ruminants fed with fresh pasture. The finding concerning the
identification of unique odor-active esters was also found by analyzing the volatile profile of 60-day
ripened goats’ milk cheese obtained from animals fed a dietary supplementation of extruded linseed,
a well characterized plant matrix rich in linolenic acid (C18:3 cis-9, trans-12, trans-15). These esters,
only detected in the “experimental” ripened cheese, were specifically the butanoic acid pentyl ester,
the butyric acid 2-ethylhexyl ester, and the isopentyl hexanoate [54].

The previously mentioned addition of zinc to the diet of lactating dairy cows resulted effective
in inducing noteworthy variations in volatile esters in derived dairy products. In 120-day ripened
Caciocavallo cheese a marked increase in concentration of all the detected ethyl esters was shown,
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specifically ethyl butanoate, ethyl hexanoate, ethyl octanoate, ethyl nonanoate, ethyl decanoate, ethyl
dodecanoate, ethyl tetradecanoate, and ethyl hexadecanoate. Interestingly, the last two compounds
resulted only present in ripened cheese samples obtained from zinc feeding [39]. As previously reported,
these data allow the discussion of a role of zinc in inducing an increase in lipolytic activity on the
triglycerides present in the dairy matrix [52], with a consequent increase in concentration in the reaction
environment of FFAs, contributing to the determination of the volatile profile not only directly, but also
giving rise to other families of compounds, including esters [28]. In a 30-day ripened Caciotta cheese,
the dietary zinc supplementation induced an increase in concentration of only two compounds, ethyl
hexanoate and ethyl hexadecanoate, whereas no variations in this class of compounds were evidenced
in Giuncata cheese, a fresh dairy product, that was analyzed after 5 days of storage at 4 ◦C [36,37]. In
light of what has been just reported, it seems plausible that the observed increase in concentration of
volatile ethyl esters is related to the length of the maturing period, although this consideration should be
properly verified. As a partial support to the discussion, in one study lactating ewes were administered a
zinc-enriched diet. In addition, samples of Pecorino cheese matured for 90 days showed an increase in
concentration of two ethyl esters, specifically ethyl butanoate and ethyl hexanoate. In this case a slight
but still significant reduction in concentration of ethyl octanoate was also reported [40].

3.6. Phenolic Compounds

Phenolic compounds are secondary metabolites of plants to which interesting properties are
attributed from the biological point of view [66]. For that reason, over time great interest has been
given to the development of functional dairy products containing specific phenolic compounds, such
as catechin, tannic acid, hesperetin, and flavones, or natural crude compounds, for instance grape
extract, green tea extract, and dehydrated cranberry powder [67].

Their presence in animal products can also derive from the direct transfer of these compounds
from green herbage, or the synthesis by rumen bacteria which are reported to be mainly responsible for
the lignin breakdown into monomeric phenols, through a mechanism characterized by decomposition
of benzyl ether bonds of lignin polymers under anaerobic conditions [68]. Previous studies focusing
on the evaluation of meat quality evidenced the presence of specific phenolic compounds in ruminant
fat as a consequence of the ingestion of higher percentages in green herbage than in grain-based diets;
specifically, the identification of 4-methylphenol in ruminant fat was reported to be positively affected
by grazing [69,70].

As reported by O’Connell and Fox [71], the majority of phenolic volatile compounds identified in
milk and dairy products are strictly related to the diet administered to ruminants, although a proportion
may represent the product of FFA catabolism, preferably exploiting tyrosine as a precursor. In another
study, in which lactating Friesian cows received a diet enriched with olive pomace, in pasteurized
milk cheeses an increase in phenolic compounds was observed, specifically phenylacetaldehyde
and 2-phenylethyl alcohol, both derived from the catabolism of phenylalanine. Authors discussed
the finding by assuming a non-enzymatic Strecker degradation of phenylalanine or by enzymatic
transamination of phenylalanine as an imide that is subsequently degraded to give phenylacetaldehyde,
that, in turn, undergoes reduction to produce 2-phenylethyl alcohol [72].

With specific regard to cow milk, a study conducted by Villeneuve et al. [47] showed higher
concentrations of toluene in samples obtained from cows on pasture, in comparison with milk samples
collected from animals fed hay and silage. Authors discussed this finding by advancing the hypothesis
of a greater degradation of β-carotene in forages such as silage or hay subjected to wilting and sun
curing following harvesting [73]. Therefore, authors concluded that cows on pasture presumably
consumed more β-carotene, explaining the significant increase in milk of toluene concentration.
To better understand this finding, the study conducted by Contarini et al. [74] should be taken into
account, where the effect of different heat treatments on the volatile profile of milk by applying a
dynamic headspace capillary gas chromatography coupled with multivariate statistical approach
was studied. Also in this work, it was assumed that the identification of toluene in raw milk was
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the consequence of β-carotene degradation. Furthermore, it was evidenced that the identification of
toluene in milk, together with 2-pentanone, 2-heptanone, pentanal, and 3-methylbutanal, was effective
in discriminating in-bottle sterilized milk (in which these compounds are more greatly represented)
from pasteurized samples.

Other studies confirmed that by feeding cattle with high levels of particular crops, other phenolic
compounds may also be detected in ruminant milks, such as ptaquiloside, a norsesquiterpene from
bracken (Pteridium aquilinum), or genistein and daidzein (derived from clover) [48].

4. Conclusions

In this review, the main biochemical mechanisms characterizing dairy products during ripening
have been recalled, and the influence of different feeding strategies on the production and relative
concentrations of various VOCs in fresh and ripened cheeses has been discussed.

Despite the large amount of research activity, to date the influence of certain dietary strategies on
the quality of dairy products has not been well characterized, and there is a lack of findings useful to
establish VOCs directly transferred from feeds to animal products that could be used for authenticity
studies in order to discriminate milk samples or fresh and ripened dairy products. Furthermore,
it should be also kept in mind that there is considerable variability induced by the cheese manufacturing
process (heating, starter cultures type, ripening conditions), which could eliminate some of the VOCs
present in milk. This remains an interesting challenge for researchers in the field of animal production.
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