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PAPER

Volatile fingerprinting of ripened cheese for authentication and
characterisation of different dairy systems

M. Bergamaschi, A. Cecchinato and G. Bittante

Dipartimento di Agronomia, Animali, Alimenti, Risorse naturali e Ambiente. Universit�a di Padova, Legnaro, Italy

ABSTRACT
Authentication of dairy systems is of growing interest for the dairy industry and we investigated
the potentiality of using volatile fingerprinting of ripened cheeses by proton transfer reaction
time-of-flight mass spectrometry. A total of 1,075 individual model cheeses made from milk of
individual Brown Swiss cows of 72 farms were analysed. Using a linear discriminant analysis,
cows and herds were assigned to 3 or 5 dairy systems differing in management, available facili-
ties, and diets. We obtained variable discrimination abilities (up to 77% of correct classification
of cheeses and 70% of farms with cross-validation). We found m/z 61,028 (acetic acid), 109,070
(pyrazine), and m/z 137,132 (terpene) characterising model cheeses from traditional dairy sys-
tems and m/z 71,086 (3-methyl-butan-1-ol, 3-methyl-3-buten-1-ol, pentan-1-ol), m/z 101,097
(hexan-2-one, hexanal), m/z 123,117 (nonenal), m/z 129,127 (octan-1-one, octanal), and two
unidentified peaks m/z 83,071 and m/z 93,090 characterising model cheeses from the modern
farms. In conclusion, it seems possible to discriminate between a range of dairy systems using
fast volatile fingerprinting of ripened cheeses but a proper validation of results obtained
is needed.

HIGHLIGHTS

� Mass spectrometry technique (PTR-ToF-MS) was able to discriminate between dairy systems.
� We found m/z 61,028 (acetic acid), 109,070 (pyrazine), and m/z 137,132 (terpene) characteris-
ing model cheeses from traditional dairy systems.

� We found m/z 71,086 (3-methyl-butan-1-ol, 3-methyl-3-buten-1-ol, pentan-1-ol), m/z 101,097
(hexan-2-one, hexanal), m/z 123,117 (nonenal), m/z 129,127 (octan-1-one, octanal), and two
unidentified peaks m/z 83,071 and m/z 93,090 characterising model cheeses from the mod-
ern farms.
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Introduction

In the current global market, the dairy sector may
adopt a strategy of production differentiation to
increase their income. For example, in Europe, moun-
tain farms can compete with farms on the plains,
which have lower production costs, if their final prod-
ucts meet consumers’ particular expectations. Some
cheeses have specific nutritional and sensory proper-
ties (Carpino et al. 2004; Revello Chion et al. 2010;
Bittante et al. 2011), and many of these are classified
according to their area of production (Martin et al.
2006). Protected designation of origin (PDO) and pro-
tected geographical indication (PGI) are European
Union certifications with specific protocols designating
cheeses manufactured in specific areas often with

high production costs. They specify not only
geographical origin, but also the dairy system and
manufacturing procedure. In addition, advanced tech-
niques of authentication are needed if consumers are
to be assured of the quality and authenticity of certi-
fied products, and to this end several researchers are
developing analytical methods for discriminating dairy
products and classifying them on the basis of their
fatty acid compositions (Coppa et al. 2013), carote-
noids (Slots et al. 2009; Stergiadis et al. 2012), and sta-
ble isotopes in milk (Renou et al. 2004; Ehtesham
et al. 2013). Some studies have also suggested authen-
ticating pasture-derived milk and cheese using plant
biomarkers, like terpenes content (Tornamb�e et al.
2006). Among the various analytical methods used to
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authenticate dairy products by volatile fingerprinting,
gas chromatograph provides precise information on
the composition and biochemistry of volatile com-
pounds released by cheeses. Although this method is
accurate and yields detailed information on the vola-
tile profile of samples (Carbonell et al. 2002), it is
time-consuming and expensive, hence unsuitable for
monitoring cheese production on a large scale. There
is, therefore, an urgent need for fast, inexpensive,
efficient analytical quality control methods. Proton
transfer reaction time-of-flight mass spectrometry
(PTR-ToF-MS) has been used to characterise the fla-
vour profile of three certified grana cheeses (Boscaini
et al. 2003), to investigate the link between the vola-
tile fingerprint and the sensory characterisation of
‘Trentingrana’ cheese (Biasioli et al. 2006), to monitor
volatile organic compounds (VOC) release during
cheese ripening (Fabris et al. 2010), and to identify the
geographical area and specific characteristics of pro-
tected origin cheese (Galle et al. 2011). More recently,
we used PTR-ToF-MS to study the effect of dairy sys-
tem, individual sources of variation (e.g. lactation
stage and parity), and genetics on the volatile finger-
print of model cheeses (Bergamaschi, Aprea et al.
2015; Bergamaschi et al. 2016). Results showed that
dairy system of origin of the milk processed was an
important source of variation on about 23% of the
spectrometric peaks characterising the volatile profile
of ripened cheeses.

In light of this, we hypothesise that the spectromet-
ric peaks characterising the volatile profile of ripened
cheese can be used for the authentication of the ori-
gin of milk. The aims of this work, therefore, were: (i)
to investigate the potential of volatile fingerprinting of
ripened model cheeses by PTR-ToF-MS to authenticate
different dairy systems of origin of milk, and (ii) to
identify the most important volatile organic com-
pounds of use in discriminating between model
cheeses from different dairy systems.

Materials and methods

Experimental design and dairy systems

This study is based on the data of Cowability-Cowplus
projects which were analysed and discussed in previ-
ous studies (Bergamaschi, Biasioli, et al., 2015;
Bergamaschi 2016).

Milk samples were obtained once during the even-
ing milking from 1,075 Brown Swiss cows reared in 72
herds located in northern Italy (15 cows sampled per
herd). Cows and farms were selected to cover a wide
range of milk production conditions, parities, and days

in milk. To authenticate the dairy systems, the herds
were classified into 5 main dairy systems according to
housing type, management system, presence of auto-
mated feeders, use of total mixed rations, and whether
or not silages (mainly corn silage) were used, as
shown in Table 1. Details of the clustering of farms
and the cows’ feeding regimes are given in a previous
publication (Bergamaschi, Biasioli, et al. 2015). In brief,
the first and second dairy systems comprised cows
reared in herds in traditional dairy systems: small
barns, tied animals milked at the stall, moderate milk
yields, and diets composed mainly of hay, represent-
ing on average 61% of the dry matter (DM) of rations.
The two dairy systems differed according to whether
or not automatic feeders were used to distribute the
compound feed (18% of DM) at the stall. The third
dairy system (modern system no TMR) comprised ani-
mals kept loose in larger, modern facilities with milk-
ing parlours, and with feedstuffs distributed in the
mangers separately. The fourth and fifth dairy systems
were modern farms using total mixed rations (TMR),
without or with corn silage, respectively. The diet of
TMR without silage consisted of hay at approximately
39% of DM and concentrates at 46%, while the diet of
TMR with silage consisted of hay at approximately
22% of DM and silages at 15% of DM. In order to
devise suitable strategies for authenticating dairy sys-
tems, the 5 original groups were merged into 3.
Because of the similarity in the composition of diets
the 5 dairy systems were also pooled in three dairy
systems. In fact, the two groups of traditional herds
(with and without automatic feeders) were also pooled
into one group, and the same was done for the third
(modern, no TMR) and fourth (TMR, no silage) dairy
systems so that the farms were classified in the follow-
ing three dairy systems: traditional, modern no silage,
and modern silage.

Milk sampling and cheese making

Details of the cheese making, and milk and cheese sam-
pling and analysis can be found in a previous study
(Cipolat-Gotet et al. 2013). The procedures for sampling,
refrigeration, transport and storage of milk samples
were standardised in order to minimise differences due
to transportation and processing of milk and to ripening
conditions of model cheeses. Moreover, sampling of
herds within each dairy system was distributed year
around to avoid association of season and dairy system
effects. Briefly, all milk samples were refrigerated at 4 �C
without preservatives immediately after collection, and
analysed and processed into cheeses within 20h at the
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cheese-making laboratory of the Department of
Agronomy, Food, Natural Resources, Animals and
Environment of the University of Padova (Legnaro,
Padova, Italy). Model cheeses were manufactured from
1,500mL of raw milk per cow, using a standardised pro-
cedure in the same lab from the same technicians. As
dairy system affect also native milk microbiota, milk
samples were not pasteurised before cheese-making.
Milk was heated (35 �C), cultured with a thermophilic
starter inoculum and then mixed with rennet solution
to a final concentration of 51.2 international milk-
clotting units per litre of milk. The resulting curd was cut,
drained, pressed, salted, and weighed. The small wheels
were then ripened, without any addition of ripening
microorganisms on the rind, for 60 d at 85% relative
humidity and a temperature of 15� C, during the first 30
d, and 12� C, during the following 30 d. Then the model
cheeses were analysed for physical-chemical composition.
A cylindrical sample (1.1 cm in diameter and about
3.5 cm in height) was taken from the centre of each
cheese and kept at –80 �C until PTR-ToF-MS analysis.

Milk and cheese composition

Briefly, fat and protein contents of the milk were ana-
lysed using a MilkoScan FT6000 apparatus (Foss

Electric A/S, Hillerød, Denmark). Somatic cell count
was obtained with a Fossomatic FC counter (Foss) and
transformed to SCS by base-2 logarithm. Milk pH was
measured using a Crison Basic 25 electrode (Crison,
Barcelona, Spain). The fat and protein contents of the
whole cheeses were measured using a FoodScan
apparatus (Foss), and pH was measured at 20 �C by
inserting a penetrometric glass electrode (Crison) into
each cheese. Descriptive statistics of milk and cheese
composition traits are shown in Table 1.

Volatile organic compound fingerprinting

A cylindrical sample 1.1 cm in diameter and about
3.5 cm in height was taken from the centre of each
model cheese and conserved at �80 �C until VOC ana-
lysis Bergamaschi, Aprea, et al. 2015). PTR-ToF-MS ana-
lysis was performed as described by Fabris et al.
(2010) and Bergamaschi, Biasioli, et al. (2015). Briefly,
3 g sub-samples of each cheese sample were thawed
then placed into glass vials (20mL, Supelco,
Bellefonte, USA), capped with PTFE/Silicone septa
(Supelco), and measured using a PTR-ToF-MS 8000
instrument (Ionicon Analytik GmbH, Innsbruck,
Austria). The conditions in the drift tube of the PTR
were as follows: temperature 110 �C, drift pressure

Table 1. Descriptive statistics (SD between brackets) of productive traits, and milk and cheese composition of sampled cows
according to different dairy systems.

5 DAIRY SYSTEMSa: 3 DAIRY SYSTEMSa:

Traditional Modern Modern

TMR

No-silagec SilagedNo-AF AF No-TMR No-silage Silage Traditionalb

Herds, n 9 12 30 14 7 21 44 7
Cow, n 135 180 446 209 105 315 655 105
Animal condition tied tied loose loose loose tied loose loose
Milking at stalls at stalls parlor parlor parlor at stalls parlor parlor
Major forage hay hay hay hay hay/silage hay hay hay/silage
Major concentrate compound compound compound cereal mix cereal mix compound compound cereal mix
Forage:concentrate 0.73:0.27 0.65:0.35 0.64:0.36 0.52:0.48 0.47:0.53 0.69:0.31 0.61:0.39 0.47:0.53
Productive traits
Milk yield, kg� d–1 19.5(±7.2) 21.8(±6.4) 24.7(±7.0) 28.9(±8.3) 26.9(±7.6) 20.8(±6.92) 26.1(±7.73) 26.9(±7.6)
Days in milk, d 187(±145) 201(±135) 203(±138) 195(±141) 195(±126) 195(±140) 201(±139) 195(±126)
Parity, n 3.05(±2.11) 2.94(±2.05) 2.76(±1.75) 2.47(±1.56) 2.42(±1.51) 2.99(±2.07) 2.66(±1.67) 2.42(±1.51)

Milk composition
Protein, % 3.66(±0.45) 3.67(±0.43) 3.77(±0.41) 3.81(±0.43) 3.87(±0.39) 3.67(±0.44) 3.78(±0.41) 3.87(±0.39)
Fat, % 4.26(±0.84) 4.24(±0.74) 4.37(±0.95) 4.36(±0.79) 5.03(±1.15) 4.25(±0.78) 4.37(±0.90) 5.03(±1.15)
SCS5, U 3.14(±2.07) 2.91(±2.05) 3.15(±1.75) 2.84(±1.79) 2.99(±1.82) 3.01(±2.06) 3.05(±1.77) 2.99(±1.82)
pH 6.60(±0.12) 6.66(±0.08) 6.63(±0.07) 6.64(±0.07) 6.63(±0.10) 6.63(±0.10) 6.64(±0.07) 6.63(±0.10)

Cheese composition
Protein, % 26.8(±4.3) 27.1(±4.1) 27.5(±4.1) 27.5(±4.0) 26.0(±4.2) 26.9(±4.2) 27.5(±4.1) 26.0(±4.2)
Fat, % 38.8(±4.6) 38.2(±4.1) 37.7(±4.3) 37.9(±4.5) 39.8(±4.9) 38.5(±4.3) 37.8(±4.3) 39.8(±4.9)
pH 5.14(±0.19) 5.17(±0.18) 5.13(±0.20) 5.17(±0.13) 5.21(±0.14) 5.16(±0.18) 5.15(±0.18) 5.21(±0.14)

aAF: automatic feeders at mangers to control individually concentrate distribution; TMR: total mixed ration; modern TMR no silage¼water added in the
mixer wagon to enhance mixing; productive traits as well as milk and cheese composition are expressed as mean and standard deviation (in
parenthesis).
bTraditional: cluster of herds composed by traditional dairy systems with and without AF.
cModern no silage: cluster of herds composed by modern dairy systems with hay plus compound feed and modern TMR without silage.
dModern silage: cluster of herds that used TMR and corn silage; 5SCS¼ log2(SCC/100,000) þ 3.
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211 Pa, drift voltage 500 V. Internal calibration and
spectrometric peak extraction were performed accord-
ing to the procedures described by Cappellin et al.
(2010) and Cappellin et al. (2012). Headspace VOC
concentrations expressed as parts per billion by vol-
ume were estimated using the method described in
Lindinger et al. (1998). The 240 greatest spectrometric
peaks characterising the volatile profile of each model
cheese were standardised within each day of analysis
(15d, about 75 samples analysed per day) to equalise
data variability resulting from the effect of this envir-
onmental factor on proton transfer reaction masses;
this was also confirmed by a Levene’s test (data not
shown) and analysed according to the procedure
described in detail by (Bergamaschi, Biasioli, et al.
2015). Some highly-correlated peaks (r> 0.95; p< .001)
corresponding to isotopes of the same volatile organic
compounds were removed from the dataset before
the statistical analyses. More details on the analytical
procedure and on sources of variation and repeatabil-
ity of cheese VOCs analysed by PTR-ToF-MS are avail-
able on Fabris et al. (2010) and Cappellin et al. (2012).
To help the identification of the major VOCs obtained
from PTR-ToF-MS, the results obtained on a subsample
of herds (30 out of 73) and model cheeses (150 out of
1075, 5 per herd) using SPME-GC-MS have been also
used (Bergamaschi, Aprea, et al. 2015).

Statistical analysis and model validation

Two datasets were created, the first (Cow-All) compris-
ing the VOC fingerprints of all the individual cows/
model cheeses analysed (1,075 samples), the second
(Herd-All) comprising the averages of the VOC finger-
prints of all the model cheeses obtained from each
herd (72 herds). The average of the volatile organic
compounds of 15 model cheeses from individual cows
of the same herd can, of course, only be considered a
proxy for the fingerprint of a model cheese made with
bulk milk from the same herd. A linear discriminant
analysis (LDA) of the Cow-All and Herd-All datasets
was carried out with the R software (MASS package) to
determine which combination of spectrometric peaks
made the greatest contribution to the differences in
the volatile fingerprints of the various dairy systems.
The LDA is often used for food authentication but a
proper validation is needed to avoid overfitting
(Granato et al. 2018; Jim�enez-Carvelo et al. 2019). For
these purposes, we created a group of 3 dairy systems
and a group of 5, as described above, for the Cow-All
and Herd-All datasets. A 10-fold cross-validation pro-
cedure was used to estimate the discriminatory

capability of the LDA to authenticate the dairy sys-
tems. Data of each dataset were divided randomly
into 2 sub-sets: a calibration set (Cow-Cal, Herd-Cal;
approximately 75% of the data), which was used to
calibrate the model, and a validation set (Cow-Val,
Herd-Cal) comprising the remaining data (25% of the
data), which was used for cross-validation. This process
was repeated 10 times, each time using a different
sub-set as the validation set. The number of samples
used for the LDA is reported in Table 1. Given that we
had two sources of information (VOC fingerprints of
cheeses from individual cows, and from each herd
averaged), 2 sets of dairy systems to discriminate (3 or
5 dairy systems), and 3 combinations of sub-datasets
used for calibrating and validating the linear discrimin-
ant functions (All-All, Cal-Cal, and Cal-Val for both the
Cow and the Herd datasets), a total of 12 discriminant
analyses were carried out. In addition, the LD func-
tions for individual model cheeses (Cow-Cal) were
applied to discriminate herd averages (Herd-Val), and,
vice versa, the LD herd functions (from Herd-Cal)
were applied to individual model cheeses (Cow-Val),
so that discriminatory power was calculated on 16
LDA analyses.

Results

Classification of dairy systems of origin of milk
according to LDA based on cheese volatile
fingerprints

The results regarding the discriminatory capability of
the volatile profile according to the various LDA mod-
els are shown in Table 2. Without cross-validation, the
volatile profile of all model cheeses allowed us to cor-
rectly discriminate 73% of the 1,075 samples when
divided into 5 dairy systems and 82% when divided
into 3 dairy systems (Table 2). When the same analysis
was carried out on a smaller dataset (Cow-Cal, 860
model cheeses) the discriminatory power of the LDA
was, as expected, about the same. In both cases, dis-
crimination between the cheeses made from milk
from cows reared in modern dairy farms without the
use of silages was slightly better than between the
cheeses from the other dairy systems, but when we
divided the former group into two sub-groups (No
TMR and TMR without silage), the discriminatory
power of both of these was weaker. As these models
can be overfitted by the absence of an external valid-
ation, models based on cross-validation (Cow-Cal for
calibration and Cow-Val for validation) were run and
they correctly classified a smaller number of model
cheeses: only 48% from the 5 dairy systems, and 66%
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of the cheeses from the 3 dairy systems. Only about
one third of cheeses produced from the milk of cows
on modern farms using TMR with silage were cor-
rectly classified.

Moving to the LDA of the dataset comprising the
average VOC profiles of the herds, overall discrimin-
atory power was better than that of the ‘cow models’
when Herd-All or Herd-Cal were used for both training
and testing, but much worse when Herd-Cal functions
were applied to the Herd-Val sub-dataset (Table 2).
The details of the comparisons among the correct
classifications obtained for the individual dairy systems
do not, in this case, have much value given the small
number of herds in each group, particularly for
cross-validation.

However, when we applied the LD functions on the
individual model cheeses (Cow-Cal) to classify the
herds in the validation sub-dataset (Herd-Val), we
obtained the highest discriminatory powers, with 95%
of the herds from the 5 dairy systems and 90% of
those from the 3 dairy systems correctly classified
(Table 2). The reverse (Herd-Cal for discriminating
Cow-Val) was much less favourable.

Linear discrimination functions

As can be seen from Table 3, the relative importance
(in terms of variance explained) of the two LD func-
tions yielded by the LDA when discriminating 3 dairy
systems are very similar across 5 of the 6 analyses car-
ried out, with the first LD (LD1) varying from 63.2% to
58.1%, and LD2 varying from 36.8% to 41.9%. In our

attempt to discriminate between the 5 dairy systems,
again 5 of the 6 LDAs yielded 4 LD functions with
very similar levels of relative importance across the
different LDAs (Table 3, LD1: 35.8–40.9%; LD2:
24.5–32.9%; LD3: 17.2–22.6%; LD4: 14.1–16.4%). Only
the last LDA (Herd-Cal Herd-Val) yielded a very import-
ant LD1 (78.6% of variance explained in the 3 dairy
systems, 78.5% in the 5 dairy systems), while the other
LD of the 3 systems (21.4% of variability explained)
and the three other LDs of the 5 systems (8.3, 7.0 and
3.8%) were much less important. It should be borne in
mind that this LDA model yielded a high percentage
of misclassified samples, especially in discriminating
between the 5 dairy systems (Table 2).

Discrimination of dairy systems of origin of milk is,
of course, always based on the combined information

Table 2. Correct classification (% average of 10-fold cross-validation) of the linear discriminant analysis (LDA) based on volatile
organic compounds of cheeses measured by PTR-ToF-MS to authenticate the dairy systems.

LDAb

5 DAIRY SYSTEMSa 3 DAIRY SYSTEMSa

Traditional Modern

TOTAL

Modern

Training-set Testing-set No-AF AF No-TMR

TMR

No-silage Silage Traditionalc No-silaged Silagee TOTAL

Cows LDA
Cow-All Cow-All 65 66 82 63 77 73 69 90 68 82
Cow-Cal Cow-Cal 70 71 82 67 81 75 71 90 73 83
Cow-Cal Cow-Val 40 49 58 38 37 48 57 77 31 66

Herds LDA
Herd-All Herd-All 100 83 93 86 100 92 91 93 100 93
Herd-Cal Herd-Cal 92 90 91 83 100 92 88 95 98 94
Herd-Cal Herd-Val 13 11 49 23 10 28 25 70 10 51

Crossed LDA
Cow-Cal Herd-Valf 100 67 100 100 100 95 67 100 100 90
Herd-Cal Cow-Valg 35 38 35 31 48 36 42 59 52 53

aAF: automatic feeders at mangers to control individually concentrate distribution; TMR: total mixed ration; modern TMR no silage¼water added in the
mixer wagon to enhance mixing.
bLinear discriminant analysis performed without validation (All) and with validation where ‘Cal’ and ‘Val’ are the calibration and validation, respectively.
cTraditional: cluster of herds composed by traditional dairy systems without and with AF.
dModern no silage: cluster of herds composed by modern dairy systems with hay plus compound feed and modern TMR no silage.
eModern silage: cluster of herds that used TMR and corn silage.
fThe linear discriminant functions calculated with the cow training data set (Cow-Cal) have been validated using the herd testing data set (Herd-Val).
gThe linear discriminant functions calculated with the herd training data set (Herd-Cal) have been validated using the cow testing data set (Cow-Val).

Table 3. Variance explained by each linear discriminant func-
tion (LD) of the 12 analyses (LDA) according 3 or 5
dairy systems.
LDAa 5 Dairy Systems 3 Dairy systems

Training-set Testing-set LD1 LD2 LD3 LD4 LD1 LD2

Cows LDA
Cow-All Cow-All 38.3 24.5 22.6 14.6 58.4 41.6
Cow-Cal Cow-Cal 37.6 25.2 22.4 14.8 58.1 41.9
Cow-Cal Cow-Val 35.8 32.9 17.2 14.1 58.3 41.7

Herds LDA
Herd-All Herd-All 40.9 24.5 18.3 16.4 63.2 36.8
Herd-Cal Herd-Cal 37.9 25.1 22.4 14.6 60.2 39.8
Herd-Cal Herd-Val 78.5 10.0 8.9 2.6 78.6 21.4

aThe name of the model refers to the source of information (individual
cow or herd average volatile organic compounds fingerprint) and to the
dataset used for calibration (the first) and for validation (the second); All:
the whole dataset; Cal: the dataset used for calibration (about 75% of
All); Val: the dataset used for validation (about 25% of All).
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contained in all the LD functions obtained (2 LDs
when 3 dairy systems are to be discriminated, 4 LDs
when 5). Nevertheless, it can be seen from Figure 1(a)
that the LD1 obtained from the volatile fingerprint of
individual model cheeses when 3 dairy systems are to
be discriminated is better at distinguishing the model
cheeses obtained from cows reared on traditional
farms (when LD1 score is positive) than those
obtained from cows on modern farms (when nega-
tive). However, LD2 seems to be responsible (when
LD1 is low) for discriminating between modern farms
using silage (lower LD2 scores) and those without. The
same pattern is found when the averages of the
herds, rather than individual cheeses/cows, are to be
discriminated (Figure 1(b)).

With regard to the LDA for discriminating between
the 5 dairy systems of origin of milk, it is much more
difficult to use graphics to identify the role of the four
LD functions as only 2 of the 4 LDs can be fully repre-
sented on a plane, while a 3D figure that cannot be

rotated can give only a partial visualisation of the role
of 3 LDs (see Figure 2(a) for individual model cheeses,
and Figure 2(b) for herd averages). Given that in every
case the first two LDs represent at least 60% of total
variance, we focussed on LD1 and LD2 in the LDA of
the 5 dairy systems. It is evident from the plots
(Figure 2(a,b)) that in these cases, too, LD1 is mainly
responsible for discriminating between traditional and
modern farms, but here the sign is the reverse of the
discrimination between the 3 dairy systems, as the
cheeses from traditional farms have lower LD1 scores
(average scores –1.27). Within the modern farms not
using silage, LD1 also seems to partially discriminate
between those not using TMR (average scores þ0.09)
and those using TMR (average scores þ1.21). LD2,
again, seems to discriminate, in particular, between
cheeses produced from milk of cows fed on TMR with
silage (average scores –1.32) and cheeses from the
other modern systems (average scores þ0.45), and
with the same sign, as Figures 2(a,b) show.

Figure 1. Bi-plot score of the linear discriminant functions (LD1; LD2) obtained using the full data set (All) including the 1,075
cows (a) and 72 herds (b) as observation and the spectrometric peaks that characterised the volatile profile of individual model
cheeses as variables. The cows and the herd are classified in three dairy systems.
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Spectrometric peaks and VOCs discriminating
dairy systems

Although cheese flavour depends on the simultaneous
effects and overall combination of many VOCs in rela-
tion to their different concentrations and under differ-
ent environmental conditions, we have tried to
identify those VOCs and spectrometric peaks (as yet
chemically unspecified) which may discriminate
between model cheeses obtained from different
dairy systems.

Table 4 shows the linear coefficients of the two lin-
ear functions LD1 and LD2 for the spectrometric peaks
that best discriminate the model cheeses from the dif-
ferent dairy systems. We found that the spectrometric
peaks with the potential for identification at measured
mass m/z 61,028 (acetic acid, acetate ester) and m/z
137,132 (terpenes) were related to the model cheeses

from traditional dairy systems, while m/z 71,086 (3-
methyl-butan-1-ol, 3-methyl-3-buten-1-ol, pentan-1-ol),
m/z 101,097 (hexan-2-one, hexanal), m/z 123,117
(nonenal), m/z 129,127 (octan-1-one, octanal) and two
unidentified peaks at m/z 83,071 and m/z 93,090 were
positively correlated with the model cheeses from
modern systems. All these spectrometric peaks were
higher in modern dairy systems using silage than in
those not using silages (Table 4). Moreover, the spec-
trometric peaks at measured mass m/z 87,080 (3-meth-
ylbutanal, 2-methylbutanal, pentan-2-one), m/z 97,101
(heptanal), m/z 115,112 (heptan-2-one, heptanal), and
m/z 145,123 (octanoic acid) were positively related to
model cheeses from modern farms not using
corn silage.

Regarding the classification into 5 dairy systems, we
found that m/z 61,028 (acetic acid and acetate ester)

Figure 2. Bi-plot score of the linear discriminant functions (LD1; LD2) obtained using the full data set (All) including the 1,075
cows (a) and 72 herds (b) as observations and the spectrometric peaks that characterised the volatile profile of individual model
cheeses as variables. The cows and the herds are classified in five dairy systems. Traditional: cluster of herds composed by trad-
itional dairy systems without and with AF (Automatic Feeders at mangers to control individually concentrate distribution); Modern
no silage: cluster of herds composed by modern dairy systems with hay plus compounds feed and modern TMR (total mixed
ration) no silage; Modern silage: cluster of herds that used TMR and corn silage; CF: compounds feed.
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and m/z 109,070 (2,6-dimethylpyrazine) were mainly
related to model cheeses from traditional dairy sys-
tems with automatic feeders, while m/z 137,132 (ter-
penes) was mainly correlated with traditional systems
without automatic feeders. As reported above, we
found the same peaks associated with model cheeses
from modern dairy systems, and, interestingly, within
the modern dairy systems there was a positive associ-
ation between m/z 77,060 (1,2-propanediol) and mod-
ern systems without TMR. Table 4 shows that the
spectrometric peak at m/z 101,060 (2,3-pentanedione)
was positively correlated with model cheeses from
modern dairy systems using silage.

Discussion

Authentication of dairy systems of origin of milk
using fast techniques

Several analytical techniques combined with multivari-
ate data treatment have been used to authenticate
dairy systems in which the milk is produced. For
example, FAs predicted using the spectra of bulk milk
measured by NIRS in combination with partial least
squares discriminant analysis have been used to trace
diets (hay, grass silage, maize silage, hay silage) and
grazing systems (Coppa et al. 2012). These authors
were able to differentiate between dairy systems
administering diets composed mainly of maize silage
and diets composed mainly of hay with a cross-
validation error of 20.4%. Moreover, Valenti et al.
(2013) reported that MIR and NIR spectroscopy are
capable of distinguishing between milk samples from
systems using maize silage and systems using hay
with a misclassification of 14.7% and 22.6%, respect-
ively. Of course, the volatile fingerprint of ripened
cheese depends, first of all, on the cheese-making and
ripening conditions and microbial activity, and much
less on the characteristics of the milk processed
(McSweeney and Sousa 2000; Buchin et al. 2017).
Nevertheless, in our work, we were able to differenti-
ate dairy systems of origin of milk using the volatile
profiles of model cheese measured by PTR-ToF-MS as
the discriminating factor with similar efficiency to dif-
ferentiation using information related to milk charac-
teristics. These results confirm that dairy system can
affect the volatile profile of cheese after ripening, and
allows us to suggest that post hoc authentication of
ripened cheese according to dairy system is possible.
To our knowledge, PTR-ToF-MS has not previously
been used to authenticate cheeses produced from
milk collected in ordinary farming conditions.

Obviously, this authentication should be based on
data specific for each type of cheese and dairy sys-
tems compared. Moreover, the results depend on the
effectiveness of an external validation. No study the
authors are aware of deals with the comparison of dif-
ferent strategies of validation of results. Even though
in the literature classification is not always based on
an external independent validation, it is clearly evident
from our results that the classification based only on
the calibration datasets (CowAll-CowAll, CowCal-CowCal,
HerdAll-HerdAll and HerdCal-HerdCal) are all severely
overfitted. This overfitting is evident observing the
decrease in the incidence of the correct classification
obtained using a cross-validation (CowCal-CowVal and
HerdCal-HerdVal). It also worth to observe that this
decrease is greater at herd level than at individual
model cheese level. This could be due to the fact that
crossvalidation at model cheese level does not allow a
full independence of Cal and Val datasets because the
model cheeses are different, but they may originate
from the same herds and dates of cheese-making. At
herd level, on the contrary, the full independence is
guaranteed by the fact that the model cheeses of the
two datasets comes from different herds and dates of
cheesemaking. Lastly, and interesting observation is
relative to the potential of the ‘crossed LDA’ (Table 2),
tested here for the first time. The use of discriminating
functions obtained at individual model cheese level
(CowCal) on the validation dataset at herd level
(HerdVal) allowed obtaining very promising discrimin-
ation potential, whereas the reverse (HerdCal-CowVal) is
not so promising. This observation worth further
research to increase new knowledge on this field.

Discriminating between traditional and modern
dairy systems

The literature contains many studies reporting differen-
ces in chemical compositions between milk from cows
reared on pasture and milk from cows fed indoors
(Martin et al. 2006; Couvreur et al. 2007; Hurtaud et al.
2014). Milk from cows fed on pasture has a different
fatty acid composition to milk from cows fed on hay or
grain, and there are differences also in the volatile pro-
files (Coppa et al. 2011), particularly in skatole, indole,
toluene, and sulphur compounds (Toso et al. 2002;
Croissant et al. 2007). In addition, cheeses from pas-
ture-based systems are easily distinguishable from
indoor feeding by the contents of terpenes and hydro-
carbons (Buchin et al. 1998). In our experiment, we did
not sample those parts of the herds that were moved
to temporary farms on Alpine pastures during summer,
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and as the cows on the permanent farms are not
grazed on pasture because the milk is mainly used for
the production of Trentingrana, a very hard cheese
(Bittante et al. 2011a and b), none of our model
cheeses was made from milk from cows at pasture.

In general, the model cheeses from cows in trad-
itional dairy systems were clearly distinct from the
model cheeses from modern farms using TMR and
more concentrates. Indeed, between these two extreme
groups only 4% of cheeses were misclassified, while
modern dairy systems administering hay and com-
pound feed separately had an intermediate VOC profile.
A concentrate supplement may also influence the
rumen environment leading to the formation of many
volatile compounds (Nagaraja 2012). As we reported in
a previous paper (Bergamaschi, Aprea, et al. 2015), here
were generally higher amounts of VOCs in cheeses
manufactured from milk from modern dairy systems
using more concentrates than in cheeses from trad-
itional systems. On average, the modern dairy systems
had higher milk yields, and cheese fat and protein con-
tents than traditional systems. Nevertheless, we found
no significant variations in cheese gross composition
according to farming system (Bergamaschi, Aprea, et al.
2015), which means that the differences in the VOC
profiles cannot be directly associated with the amounts
of their main substrates (fat and protein), but rather
with their compositions and native microbiota.

Discrimination between modern dairy systems
without and with silage

The results of this study revealed subtle differences in
the volatile profiles of modern dairy systems using
TMR according to whether or not silages were used.
This shows that the VOC profile is not exclusively
affected by the use of TMR vs traditional feeding, but
also depends on diet composition. Stefanon and
Procida (2004) investigated the effect of corn silage in
the diet on the VOC profile of Montasio cheese. They
compared three types of forage in rations with or
without corn silage and observed a diet� ripening
interaction with several ketones after 68, 200, and 360
d of ripening. The effect of silage has also been exam-
ined in experiments comparing cheeses obtained from
milk from cows fed with corn silage or haylage
(Verdier et al. 1995) or grass silage (Houssin et al.
2003). These studies found that corn silage often led
to slightly firmer cheeses that panellists generally
rated lower than cheeses manufactured from milk
from cows fed on grass-based diets. Kala�c (2011)

confirmed these experimental results in a review of
the effects of silage on a range of sensory traits
of milk.

VOCs characterising the dairy systems of origin
of milk

We found several spectrometric peaks of the volatile
fingerprints of ripened model cheeses measured with
PTR-ToF-MS associated with different dairy systems.
We can infer from comparison of the LDA results that
the spectrometric peaks tentatively associated to
acetic acid, pyrazines, and terpenes were higher in the
model cheeses from traditional dairy systems than in
the model cheeses from modern dairy systems.
Consistent with our results, Carpino et al. (2004) found
that acetic acid made an important contribution as an
odour-active compound to the aroma of Ragusano
cheese derived from a fresh, herbage-based diet.
Acetic acid can generally be found in most cheeses
and is usually produced by the fermentation of carbo-
hydrates or amino acids during cheese ripening
(Curioni and Bosset 2002). It is the main compound
responsible for vineyard notes, and it is well known
that these intensify in cheese with increasing propor-
tions of fresh herbage in the cows’ diet (Cornu et al.
2009). Another interesting result of this work is the
higher terpene content associated with traditional
dairy systems. These molecules are typically found in a
greater amount in dicotyledons and may impart an
aromatic note to dairy products (Cornu et al. 2001;
Curioni and Bosset 2002; Martin et al. 2005). Moreover,
Fernandez et al. (2003) compared the terpene content
of milk collected in a highland and a lowland area of
France and found a link between these VOCs and geo-
graphical area of production. The differences between
model cheeses from traditional and modern dairy sys-
tems were also due to 3-methyl-butan-1-ol and pen-
tan-1-ol, confirming our previous results (Bergamaschi,
Aprea, et al. 2015). In particular, we identified 3-
methyl-butan-1-ol as the main alcohol of the volatile
profile of model cheeses from modern dairy systems,
although other authors have found high concentra-
tions of this compound in other cheeses (Carbonell
et al. 2002). 3-methyl-butan-1-ol may be formed by
reduction of the aldehyde 3-methylbutanal produced
from amino acid metabolism (McSweeney and
Sousa 2000).

Among the model cheeses from modern dairy sys-
tems, those without silage had higher concentrations
of VOCs derived from degradation of amino acids
(enzymatic or non-enzymatic reactions), such as 3-
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methylbutanal and 2-methylbutanal, which give green,
malty, herbaceous flavours to cheese (Curioni and
Bosset 2002). Another property of model cheeses from
modern dairy systems without silage (and with a
greater proportion of hay in the diets) was the higher
content of pentan-2-one, which is an important odour
compound in several cheese types and can be formed
by b-oxidation and decarboxylation of fatty acids
(Curioni and Bosset 2002). Model cheeses from mod-
ern dairy systems without silage also had a higher
content of octanoic acid, which may be due to lipoly-
sis by endogenous milk-based lipases or those of
microbial origin (Curioni and Bosset 2002).

There were greater differences in the cheese vola-
tile fingerprints of modern dairy systems using TMR
than those of systems not using TMR. It is well known
that this feeding regime improves daily DM intake,
and increases milk production as well as fat and pro-
tein contents (Kolver and Muller 1998; Bargo et al.
2002), which are primary substrates of VOC production
(McSweeney and Sousa 2000). This is consistent with
the observed differences in the VOC profiles. A novel
result of our work is the greater quantities of 2,3-pen-
tanedione in these dairy systems, which seems to
indicate corn silage in the cows’ diet. Differences in
2,3-pentanedione concentrations were reported by
Garde et al. (2007) in Hisp�anico cheese manufactured
in experimental conditions, a ketone that may be
formed from a-aceto-a-hydroxybutyrate (Imhof et al.
1995). These authors also found higher 2,3-pentane-
dione release by some lactic acid bacteria.

Conclusions

In conclusion, the effects of different feeding systems
on VOC profiles may be manifested in three ways: (i)
through transfer of VOCs or their metabolites from the
feed to the milk and cheese; (ii) through differences in
enzymatic activity during milk collection, transport or
cheese-making; (iii) through different indigenous milk
microflora compositions. In this work, we were able to
associate several spectrometric peaks characterising
the volatile profiles of model cheeses to different dairy
systems. These results may us speculate about the
possibility obtaining discrimination functions that
should be developed for specific cheeses in relation to
known dairy systems, especially in relation to the pro-
duction certifications that delimit the area of milk pro-
duction and specify the animal feeding strategies. The
potential of analysing the volatile organic compounds
of ripened cheese to trace post hoc the dairy system
they originate from needs to be confirmed by

analysing industry cheeses made with bulk milk from
different groups of herds under a wide range of pro-
duction
conditions.
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