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a b s t r a c t

When consumers buy Dutch ‘Boerenkaas’ (farmer's cheese), a cheese made from raw milk protected
under the European traditional specialties guaranteed (TSG) label, they expect this product to be
authentic. Because of the difference in production costs and risks, it is tempting to sell cheeses made
from heat-treated milk as ‘Boerenkaas’. It is therefore essential that there are methods that can verify the
heat-treatment status of the milk in cheese. Here, for the first time a proof of principle method for
analysis of endogenous cheese proteins/peptides with liquid chromatography-mass spectrometry (LC-
MS) in combination with multivariate analysis to detect discriminatory protein/peptide biomarkers
between ‘Boerenkaas’ and heat-treated milk cheese is described. A top-down MS method was developed
for biomarker identification. The identified biomarkers were confirmed with the well-established bot-
tom-up approach. Overall, there was good agreement between the outcome of the developed methods
based on the known thermal treatment of the used sample set.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

‘Boerenkaas’, a Gouda-type raw milk cheese, is a product pro-
tected by the European traditional speciality guaranteed (TSG) label
(European Commission, 2009). One of the prerequisites is that
these cheeses should be made frommilk, the temperature of which
never exceeds 40 �C. For reasons described previously (Alewijn,
Wehrens, & van Ruth, 2018), it is conceivable that cheeses being
marketed as ‘Boerenkaas’ are in fact not, where (partial) heat-
treatment of the milk before cheese-making is a practise that can
easily be applied. Methodologies that can determine the heating
status of the milk in the cheese, regardless of the exact cheese-
making process and changes during ripening, are valuable to
verify the authenticity of ‘Boerenkaas’ on the market.

The application of raw milk is important for the authenticity of
many farmhouse kinds of cheese. Several heat treatment indicators
and their detection methods in milk have been described, such as
heat-sensitive enzymes native to milk (e.g., alkaline phosphatase,
peroxidase and g-glutamyl transpeptidase (Griffiths, 1986;
McKellar, Emmons, & Farber, 1991), and specific indicators such as
lactulose, furosine and hydroxymethylfurfural (Claeys, Van Loey, &
Hendrickx, 2002), specific proteins such as whey proteins (Boitz,
Fiechter, Seifried, & Mayer, 2015; Lin, Sun, Cao, Cao, & Jiang,
2010; Recio, Amigo, & Lopez-Fandino, 1997), denatured proteins
and Maillard reaction end products (Birlouez-Aragon, Sabat, &
Gouti, 2002), specific peptides in milk (Ebner, Baum, &
Pischetsrieder, 2016), and other forms of protein modification
(Johnson, Philo, Watson, & Mills, 2011). From the category of
methods that use heat-sensitive milk enzymes (Griffiths, 1986) as
indicators for heat treatment, alkaline phosphatase is well-known
and standardised (ISO 11816). Some of the markers used for the
detection of raw and heated milk are affected in the process of
cheese-making, and thus not all methods above are suitable to
detect the heat treatment status of cheese milk in the final product
(cheese).

Alternative methods, such as those that detect volatile organic
compounds in cheese using, for example, e-nose or proton transfer
reaction-mass spectroscopy (PTR-MS), have been developed
(Alewijn et al., 2018; Bergamaschi et al., 2016; Gasperi et al., 2001)
and can be used to discriminate cheese made from heated or raw
milk.
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Thermal treatment of milk induces various physicochemical
modifications in milk molecules such as proteins, mostly depen-
dent on the duration and intensity of heating. Therefore, proteins
are important indicators for the exposure of milk to thermal
treatment and consequently possible discriminators between raw
and heat-treated milk cheese. Heating of proteins in combination
with lactose present in milk generates glycated products following
the Maillard reaction. Temperature is considered to have the most
effect on the rate of this reaction during food processing and stor-
age (Erbersdobler, 1986). Besides glycation, dephosphorylation is
another protein modification that may arise during thermal treat-
ment (Liu et al., 2019). Dephosphorylation has been reported to
occur to a limited extent in milk (Lorenzen et al., 2011;
Nieuwenhuijse & Van Boekel, 2003). The breakdown of milk pro-
teins into smaller peptides can occur either by enzymatic processes
or non-enzymatically through, e.g., heating. Recently, McGrath,
Kelly, and Huppertz (2016) reported the heat-induced hydrolysis
of sodium caseinate. It was shown that, at very high temperatures,
as1-casein is the most susceptible to the heat-induced hydrolysis
and k-casein is the most thermo-resistant casein.

Liquid chromatography-mass spectrometry (LC-MS) has
emerged to a central role in different fields, including food analysis
for identification and quantification of proteins in complex
matrices due to advantages such as improved accuracy, precision,
better selectivity and multiplex peptide/protein analysis in one
experiment (Donato, Cacciola, Beccaria, Mondello, & Dugo, 2012).
Various authentication methods have been used for protein iden-
tification purposes in dairy products, including immunological,
spectroscopic, LC-MS-based or DNA-based techniques (Kuckova,
Zitkova, Novotny, & Smirnova, 2019). Among these techniques,
LC-MS based techniques combined with multivariate techniques
are able to accurately predict the levels of milk species adulteration
of raw or heat-treated milk chesses and are considered an estab-
lished technique for protein identification capabilities and verifying
milk authenticity.

Different mass spectrometry-based studies have provided in-
formation on the occurrence of modified proteins, mostly lactosy-
lation, in milk products after heat treatment (Arena, Renzone, Novi,
& Scaloni, 2011; Losito, Carbonara, Monaci, & Palmisano, 2007;
Meltretter, Wust, & Pischetsrieder, 2014; Siciliano, Rega,
Amoresano, & Pucci, 2000). Bottom-up proteomics is a common
method to identify proteins and characterise their amino acid se-
quences and post-translational modifications (PTMs), using pro-
teolytic digestion of proteins prior to liquid chromatography with
tandem mass spectrometry (LC-MS/MS). Several articles have
described bottom-up proteomics approaches for the characterisa-
tion of (heat-dependent) protein modifications. Galvani, Hamdan,
and Righetti (2000, 2001) were able to identify lactose-
conjugates of caseins and lactoglobulin with two-dimensional
electrophoresis (2-DE) and matrix-assisted laser desorption/ion-
isation with time-of-flight MS (MALDI-TOF MS). Holland, Gupta,
Deeth, and Alewood (2011, 2012) and Marvin, Parisod, Fay, and
Guy (2002) applied the same approach to investigate milk pro-
tein modifications in relation to heat. Several authors used in-
solution digestion combined with LC-MS/MS analysis (O'Donnell,
Holland, Deeth, & Alewood, 2004; Kuckova et al., 2019; Picariello,
Ferranti, Mamone, Roepstorff, & Addeo, 2008; Poulsen, Jensen, &
Larsen, 2016; Rauh et al., 2015).

Another approach is top-down proteomics, which analyses
endogenous proteins by tandem MS and retains the endogenous
protein mass information, enabling the identification and charac-
terisation of novel proteoforms and quantification of PTMs. The
main advantages of the top-down approach include the ability to
detect degradation products, sequence variants, and combinations
of post-translational modifications. Top-down proteomics is
2

therefore a highly suitable method to characterise the complex
mixture of modified caseins in cheese and to detect differences
between raw and heat-treated milk cheeses. Furthermore, a top-
down approach is less time-consuming compared with the
bottom-up approach, since no previous enzymatic cleavage of the
proteins is required before sample analysis.

Top-down proteomics research for milk-related products is still
in its infancy. This approach was used to study k-casein-
oglycomacro peptide forms, a protein produced during cheese-
making (Guerrero, Lerno, Barile, & Lebrilla, 2015). Cunsolo,
Muccilli, Saletti, and Foti (2011) and Vincent, Elkins, Condina,
Ezernieksn, & Rochfort (2016) have shown that protein modifica-
tion forms, including advanced glycation end products (AGE), can
be identified with this approach in milk. As already mentioned
above, several methods have been developed for the detection of
raw and heat-treated milk. Nevertheless, the development of
robust methods for the detection and discrimination of raw and
heat-treated milk in cheese is more challenging.

In this study, for the first time is described a proof of principle
method to analyse endogenous cheese proteins with LC-MS in
combination with multivariate analysis that can be used for the
authenticity of ‘Boerenkaas’. Subsequently, top-down methods
were applied to identify discriminant endogenous proteins/
peptides.

2. Material and methods

2.1. Reagents

Guanidine chloride, dithiothreitol (DTT), tris(hydroxymethyl)
aminomethane (Tris), sodium citrate, acetic acid, trifluoroacetic
acid (TFA), iodoacetamide (IAA) and formic acid (FA) were obtained
from Sigma Aldrich (Zwijndrecht, the Netherlands). Water and
acetonitrile were obtained from Biosolve (Valkenswaard, the
Netherlands). aS1-Casein and b-casein standards were obtained
from Protea Biosciences (Morgantown, WV, USA), while the k-
casein standard and trypsin were obtained from Sigma Aldrich.

2.2. Samples

Raw milk and heat-treated milk cheese samples were obtained
from COKZ (Netherlands Controlling Authority for Milk and Milk
Products) and were randomly sampled from different cheese-
making farms in the Netherlands, where each farm applied their
own process to produce cheese. The sample-set consisted of 23 raw
milk cheeses and eight heat-treated (pasteurised) milk cheese
samples. All cheeses were ten days matured. To confirm the iden-
tity (raw milk or heat-treated milk) of these cheese samples, they
were also tested with two additional methods for determination of
the authenticity of ‘Boerenkaas’. Phosphatase activity was deter-
mined for all samples according to ISO 11816e2:2016. Volatile
fingerprints were determined using PTR-MS, and these profiles
were converted into class probability scores for each sample ac-
cording to the multivariate model as previously described (Alewijn
et al., 2018).

2.3. Experimental set-up

Samples were divided into two groups; the main group was
used as a discovery dataset to identify possible biomarkers. The
discovery dataset consisted of 19 raw milk and 6 heat-treated milk
cheese samples. All samples included in this set were prepared in
duplicate (sample replicates), and one of the duplicates was
injected twice (analytical duplicate). The validation dataset con-
sisted of 9 raw milk and 8 heat-treated milk cheese samples, from
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which 5 raw milk and 6 heat-treated milk cheese samples were
randomly selected from the discovery dataset to determine the
reproducibility of the sample clean-up. All samples in the latter
series were analysed without replicates and analytical duplicates.

2.4. Sample preparation

Cheese samples were prepared by weighing approximately 3 g
in a polypropylene tube. An amount of 8mL 6 M guanidine-HCl with
0.1 M Tris/5.37 mM sodium citrate/20 mM DTT was added. The
mixtures were then incubated and tumble-shaken at room tem-
perature for 90 min, upon which they were centrifuged at 2200�g
for 10 min. An amount of 100 mL of each sample was put into vials
and 10 mL acetic acid was added to each sample. Subsequently,
samples were diluted by adding 900 mL 6 M Guanidine-HCl with
0.1 M Tris/5.37 mM sodium citrate/20 mM DTT. They were stored in a
freezer at �20 �C until analysis.

2.5. LC-MS equipment

All samples were measured on an HPLC system (Dionex Ulti-
mate 3000 RSLC) equipped with an NCS-3500RS binary nanoLC
pump with an integrated ternary gradient loading pump and col-
umn oven, a WPS-3000TPL thermostat autosampler and VWD-
3400RS variable wavelength detector (Dionex Softron GmbH, Ger-
mering, Germany). Mass spectrometric detection was performed
on a Q Exactive mass spectrometer (Thermo Scientific, Waltham,
MA, USA) operated in the positive ion mode using an electrospray
ionisation (ESI) source. Xcalibur 3.0.63 software was used for data
acquisition, processing and analysis.

2.6. LC-MS/(MS) analysis of endogenous cheese proteins

2.6.1. Chromatography for endogenous cheese protein analysis
Chromatographic separation of the prepared cheese samples

was achieved on an Aeris Widepore XB-C8 column (3.6 mm; 200 Å;
2.1 � 250 mm) from Phenomenex (Maarssen, the Netherlands) at
60 �C. All samples were analysed in random order, and the injected
sample volume was 5 mL. The mobile phase consisted of solvents A
(water with 1% formic acid, v/v) and B (acetonitrile with 1% formic
acid, v/v). A flow rate of 0.2 mL min-1 was used with a gradient
starting at 80% A to 72% A in 2.5 min. At 30 min, Awas decreased to
60%. The column was then flushed until 37.5 min with 99% B upon
which the eluent was changed to 80% A for equilibration of the
column until 45 min.

2.6.2. LC-MS
Full scanMSwas performed to identify differences between raw

milk cheese and heat-treated milk cheese. The scan range was
700e2500 m/z and the in-source CID was set to 20 eV. Five
microscans were recorded, the resolution was set at 140,000, the
AGC target to 3 � 106, the inject time was 200 ms, S-lens RF level
was 80, and the capillary temperature was 325 �C.

2.6.3. Data analysis
Datafiles were converted to mzXML format with MSConvert 3.0

(https://proteowizard.sourceforge.net/download.html). The data
for each sample that were not between a retention time of 6 and
28 min were excluded, since all peptides and proteins are eluting
from the column in this time range. Subsequently, XCMSonline
(https://xcmsonline.scripps.edu) was used for peak picking and
alignment. Output files were exported from XCMSonline to Excel
and further processed as described in Section 2.6.4.
3

2.6.4. Multivariate statistics
To perform statistical analysis on the collected data, the results

were combined in an Excel sheet containing all variables. These
variables consist of all m/z values, retention times and peak areas.
The Excel sheet generated under data-analysis was imported into
Simca 15 software (Umetrics). The data were log10-transformed
and Pareto scaled. The data were first examined by principal
component analysis (PCA) to assess the analytical precision of the
dataset. Orthogonal partial least square discriminant analysis
(OPLS-DA) was used for the determination of the compounds that
are responsible for the separation of the heat-treated milk and raw
milk cheese. The OPLS-DA model was validated through cross-
validation, which is described by R2, Q2 values. The R2 value is
the proportion of variance in the data explained by the model and
indicates the goodness of the fit. The Q2 parameter is the proportion
of variance in the data predictable by the model and indicates
predictability. The OPLS-DA model was validated using the internal
cross-validation default method (7-fold). Similar observations in
the same group are kept together. Further evaluation of the model
was performed using a permutation test (100 permutations). A
permutation test randomly swaps the identity of samples and re-
models the data. A permutation test gives lower R2 and Q2 scores on
a model not suffering from overfitting. These values should always
be lower than the original values. To determine the biomarkers that
are responsible for the separation of the groups in the OPLS-DA
model, an S-plot was used. The biomarkers of interest were found
by the selection of the upper right and lower left biomarkers pro-
jected in the S-plot. These were confirmed using the variable
importance in projection scores (VIP).
2.6.5. LC-MS/MS (top-down proteomics)
Using the same chromatographic separation as described above,

top-down MS was carried out to identify the most discriminating
features according to the multivariate data analysis. An inclusion
list of these peaks was created, and the top 5 most intense signals
were fragmented with NCE set at 30 eV, making use of the active
exclusion. The scan range was 700e2500 m/z, the in-source CID
was set at 20 eV, the resolution at 70,000 for MS and 120,000 for
MS/MS. The AGC target was to 5 � 105 for both MS and MS/MS, the
inject time was 100 ms for MS and 250 ms for MS/MS. Five
microscans were recorded. S-lens RF level was 80 and the capillary
temperature was 325 �C. Results were analysed with Prosight Lite
1.4.7 (http://prosightlite.northwestern.edu/).
2.6.6. Top-down proteomics - data analysis
RAW datafiles were deconvoluted with Xtract (part of the Xca-

libur software) to identify the precursor mass of the proteins. The
parameters used were: mass range 500e2500 m/z, resolution
10,000 at 400 m/z and S/N threshold was 10. The m/z list of the
fragments of the precursors subjected to identification was im-
ported into Prosight Lite 1.4.7 (http://prosightlite.northwestern.
edu/). FASTA files of bovine milk proteins (Uniprot) were used for
protein identification. The average masses deconvoluted with
Xtract were used as precursor mass parameters. The precursor
mass tolerance with which it was searched in Prosight Lite was
20 ppm.
2.7. LC-MS/MS analysis of tryptic digested proteins

To confirm the identified biomarkers by the top-down approach,
samples were fractionated and digested the cheese samples with
trypsin and applied bottom-up methods as described below.

https://proteowizard.sourceforge.net/download.html
https://xcmsonline.scripps.edu/landing_page.php?pgcontent=mainPage
http://prosightlite.northwestern.edu/
http://prosightlite.northwestern.edu/
http://prosightlite.northwestern.edu/
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2.7.1. Sample fractionation
Two samples from each group were selected and fractionated

with half-minute collections by hand using the chromatography
method as described in section 2.6.1. Bottom-up analysis (described
below) were performed on each fraction. Data obtained from these
experiments were used for protein identification.

2.7.2. Sample digestion
An amount of 5 mL 100 mM DTT was added to 100 mL cheese

extract (see sample preparation in section 2.4) of each collected
fraction and heated for 30 min at 60 �C. Samples were then cooled
for 10 min and 5 mL 200mM IAAwas added before incubation in the
dark at room temperature for 30 min. Samples were then let in the
light for 15min and quenched with 2 mL 100mM DTT. Samples were
digested overnight with 2 mL 1 ug mL�1 trypsin at 37 �C. To termi-
nate digestion, 5 mL FAwas added. Samples were stored in a freezer
at �20 �C until analysis.

2.7.3. Chromatography for peptide analysis
The digested samples were injected into an Aeris peptide XB-

C18 column (1.7 mm; 100 Å; 150 � 2.1 mm) from Phenomenex
(Maarssen, the Netherlands) at 50 �C. The injected sample volume
was 5 mL. The mobile phase consisted of solvents A: water with 0.1%
formic acid (v/v) and B: acetonitrile with 0.1% formic acid (v/v). A
flow rate of 0.25 mL min�1 was used with a gradient starting with
equilibration of 5 min at 95% A, followed by a decrease to 65% A in
30 min. Subsequently, a further decrease to 50% A in 5 min was
applied. The column was then flushed for 4 min with 90% B, upon
which the eluent was changed to 95% A again for equilibration of
the column until 48 min.

2.7.4. LC-MS/MS (bottom-up proteomics)
A scan range of 375e1600m/zwas applied in MS and 200e2000

m/z in MS/MS. Data were collected in the profile mode. The reso-
lution was set at 70,000 for MS and 17,500 for MS/MS. The AGC
target was to 3 � 106 for MS and to 5 � 104 for MS/MS, the inject
timewas 10ms for MS and 100ms for MS/MS. NCEwas set to 25 eV.

2.7.5. Bottom-up proteomics - data analysis
RAW datafiles were imported into Mascot 2.5.1. A FASTA bovine

protein database (Uniprot) was used for peptide identification.
Search parameters were: a precursor mass tolerance of 10 ppm, a
fragment mass tolerance of 0.05 Da, a maximum number of missed
cleavages of 1, common fixed and variable modifications (carbox-
yamidation and oxidation, respectively) and FDR of 1%.

3. Results and discussion

3.1. Endogenous cheese protein analysis

In this study, LC-MS methods (as described in Section 2) were
developed for analysis of endogenous cheese proteins from rawand
heat-treated milk cheese samples. However, both a phosphatase
and a PTR-MS fingerprint analyses (section 2.2) were a priori per-
formed to confirm that the heat-treatment status of the used
samples was correct (results not shown). Full scan MS was applied
on extracted cheese samples with the aim to detect endogenous
protein masses that discriminate between raw milk cheese and
heat-treated milk cheese. Most of the observed species have low
molecular masses (<15 kDa). The intensity of the higher molecular
species is much lower, a reason for the suppression of those com-
pounds could be related to the analysis of the relatively complex
sample in a normal mode of the Q Exactive. The presence of low
molecular masses in the cheese samples indicates that some of the
milk proteins are either fragmented in the mass spectrometer or
4

are degraded during sample preparation or already in the cheese-
making process. A number of the detected low molecular masses
in the cheese samples are most likely an effect of heating and
proteolysis by different types of enzymes. Plasmin is one of the
most active proteolytic agents in cheeses from milk heated at high
temperatures. Plasmin hydrolyses aS1-, aS2-, b- and k-caseins
(Taivosalo et al., 2017; Walstra & Jenness, 1984). Proteolysis is also
known to be an important biochemical process during cheese
ripening, resulting in a variety of small and large peptides (Feijoo-
Siota et al., 2014). Enzymes such as chymosin and other starter
microbial proteases used in the cheese-making production play an
important role in the proteolysis of milk. k-casein is hydrolysed by
chymosin during the cheese production into para-k-casein and
glycomacropeptides (GMP).

Multivariate analysis was subsequently used on the LC-MS data
to detect endogenous discriminatory protein biomarkers between
‘Boerenkaas’ and heat-treatedmilk cheese. For the evaluation of the
analytical stability, PCA modelling was performed using the dis-
covery dataset, consisting of 19 raw milk and 6 heat-treated milk
cheese samples (Fig. 1). These results can only be useful if both the
analytical duplicates (depicted with circle symbols) and the inde-
pendent sample replicate (depicted with circle* symbol combina-
tion) cluster together in the PCA-score plot. The observed tight
clustering of the triplicates (the same colour) reveals strong
analytical repeatability, further highlighted by the analytical du-
plicates, showing less spread than the between-sample variance.
For three samples (dark purple symbols on the right side, light
green symbols in the upper left side and light purple symbols in the
middle left of Fig.1), there is a clear distance between the replicates,
indicating that there is some variation in the sample processing for
these samples. It is unclear if this variation is due to sample in-
homogeneity, sample clean-up or differences in LC-MS measure-
ment. Since there are only three samples out of 25 that show this
variability, the developed method is robust and further analyses on
the data can be performed.

Next, an OPLS-DA model was built to find biomarkers to
discriminate ‘Boerenkaas’ cheese made from raw or heat-treated
milk using the discovery dataset (full circle symbols). The graph-
ical representation of the OPLS-DA analysis is shown in Fig. 2,
showing a clear separation between the two groups. The R2 ¼ 0.99
(measurement of fit) and Q2 ¼ 0.98 (prediction of the model ac-
cording to cross-validation) were both higher than > 0.9, indicating
that the model is capable of predicting the right class. The OPLS-DA
permutation test was good (Supplementary material Fig. S1) and
demonstrated that the model is unlikely to be based on chance.

The raw milk cheese and the heat-treated milk cheese samples
are clearly separated from each other on the x-axis in Fig. 2a. Raw
milk cheese samples are more scattered than heated milk cheeses,
indicating that this group is more heterogeneous. All samples used
for the model building were also correctly classified in the OPLS-DA
model. Overall, it can be concluded that the OPLS-DA model is
robust and passes all the internal model validation checks. To
further validate the model, a second dataset described in Section
2.3, the validation dataset, was projected in the OPLS-DA model.
The projection of the validation dataset in the discovery dataset is
shown in Fig. 2a. All projected samples were classified in the correct
sample group, further validating the model. This result confirms
that the combination of analytical results and statistical analysis are
robust and that the OPLS-DA model can be used for the discrimi-
nation of the two groups of cheese samples.

To determine which features are important for the separation of
the two groups, SIMCA's loadings S-plot™ was constructed using
the validated OPLS-DA model (Fig. 2b). The S-plot features pro-
jected in the upper right and lower left selections of the S-plot were
selected and considered as the most robust discriminating



Fig. 1. PCA-score plot of the discovery dataset for determination of the analytical performance. The triplicates belonging to one cheese sample have the same colour. The replicate
samples (which are not injected in duplicate) are denoted with the circle* symbol. t represents the fraction of the total variation that can be explained by each component: t
[1] ¼ 0.244 and t[2] ¼ 0.166. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. (a) OPLS-DA score plot and (b) its corresponding S-plot of the discovery dataset: raw milk cheese (green) and the heat-treated milk cheese (red) samples. Samples of the
discovery dataset are denoted with the full circle symbols and the projected samples of the validation dataset in the model of discovery dataset are denoted with the open circle
symbols. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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biomarkers. The importance of each biomarker chosen for the
separation of the two groups was assessed using the variable
importance for the projection (VIP) plot (Supplementary material
Fig. S2).

The peak-area in each sample for two of the most relevant
biomarkers for the separation of both groups, m/z 724.5741 (z ¼ 6,
RT 10.3min) and 1551.9423 (z¼ 7, RT 11.3min), are shown in Fig. 3a
and b. Although the samples were randomly analysed, in Fig. 3 the
analytical duplicates, followed by the independent sample repli-
cates of each cheese sample, are grouped together.

The peak-area of the biomarkers in the heat-treatedmilk cheese
are significantly decreased compared with raw milk cheese, clearly
demonstrating that these biomarkers are discriminating in deter-
mining the authenticity of the cheese. The threshold level that
determines if a cheese is made from heat-treated or raw milk (see
the blue-dashed line in Fig. 3) is set in the middle of the peak-area
value of the lowest raw milk cheese sample and the highest heat-
treated milk cheese sample. By use of this tentative threshold, all
samples can be correctly classified.

3.2. Identification of the two proposed biomarkers with top-down
proteomics

For the identification of these two biomarkers, top-down LC-
MS/MS analysis was performed. Based on the fragmentation of the
masses of interest, m/z 724.5741 and m/z 1551.9423, C-terminal
Fig. 3. Peak-areas in each sample for two selected potential biomarkers, (a)m/z 724.5741 and
samples. Blue-dashed lines represent threshold levels to determine if a cheese is made from
legend, the reader is referred to the Web version of this article.)

6

truncated forms of k-casein and aS2-casein were identified. FASTA
files of whey and casein protein of bovine milk proteins (Uniprot)
were used for protein identification. The MS/MS spectrum of one of
the discriminant biomarkers, m/z 1551.9423, detected in raw milk
cheese, and the identified fragments are shown in Fig. 4. Three
fragments originating from the C-terminus were matched in the
MS/MS spectrum of m/z 724.5741 and six fragments for m/z
1551.9423, respectively. The reason why more fragments have not
been matched is most likely due to the variety of proteoforms of
these two proteins that can be found. Both k-casein and as2-casein
are existing in different forms since they have multiple amino acid
sites that can contain PTMs, such as glycosylation and phosphory-
lation. Furthermore, other unknown modifications could occur
during sample processing. Since the experimental mass of the
truncated proteins could not be matched with the calculated
theoretical masses of different combinations of modified C-termi-
nal truncated forms, the C-terminal truncated forms could not be
fully characterised. Therefore, both could not be identified both, the
exact cleavage site and/or possible amino acid modifications of
these proteins.

From the major milk proteins, whey proteins are mainly elimi-
nated in the whey at draining (Bramanti, Sortino, Onor, Beni, &
Raspi, 2003; Montagne et al., 1995; Muller-Renaud, Dupont, &
Dulia, 2004) whereas the caseins transfer to curd and cheese.
Therefore, it is not surprising that two of the most discriminant
biomarkers between raw and heat-treated milk are truncated
(b)m/z 1551.9423, respectively, in raw-milk (green) and heat-treated milk cheese (red)
heat-treated or raw milk. (For interpretation of the references to colour in this figure



Fig. 4. Top-down spectrum of m/z 1551.9423 (z ¼ 7). The identified fragments are annotated in the figure. In the right-upper corner, the spectrum of the parent ion is shown.
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forms of two caseins (k- and aS2-casein). Truncation of the caseins
could be the result of protease activity. In the heat-treated milk
cheeses, these two truncated forms are detected at very low levels
or not detected at all, probably being further hydrolysed by en-
zymes or post-translationally modified with varying levels of
phosphorylation, glycosylation and oxidation of cysteine to disul-
phide bonds (Vincent, Elkins, Condina, Ezernieks, & Rochfort,
2016). Aggregation of whey proteins such as b-lactoglobulin with
non-whey proteins such as k-casein upon heat treatment, could
reduce the hydrolysis of k-casein in heat-treated milk cheese, this
being another reason for the absence of the identified truncated
form of k-casein in heat-treated (Wijayanti, Bansal, & Death, 2014).

3.3. Confirmation of the biomarkers with bottom-up proteomics

To validate the identification of the truncated forms of k-casein
and as2-casein by the top-down approach, a bottom-up method
was applied (see Section 2.7.). The fractions containing the masses
of interest were digested with trypsin and analysed with the
bottom-up approach. k-caseinwas identified as the main protein in
the fraction at 10.3 min, with 15% sequence coverage and as2-casein
was identified as the main protein in the fraction at 11.3 min with
53% sequence coverage. The bottom-up approach confirms the
presence of k-casein and aS2-casein in the corresponding fractions.
The identified peptides are included in Supplementary material
Table S1.

4. Conclusions

The developed extraction and endogenous cheese LC-MS
method enable the measurement of endogenous proteins/pep-
tides from cheese. This method was applied to differentiate be-
tween cheeses made from raw and heat-treated milk. An OPLS-DA
model was built based on the proteome data. The OPLS-DA model
was successfully validated by testing it on a second dataset. From
the S-plot and VIP plot, various m/z values were detected as
discriminatory masses between the two groups. The two most
discriminating biomarkers were identified by both top-down
approach and are truncated forms of k-casein and aS2-casein. The
identification of both proteins was confirmed by bottom-up
approach. For future research, it is recommended to measure and
analyse a larger dataset with the LC-MS method described in this
paper to determine the robustness of both biomarkers, including
7

for cheeses made from milk with mild heat-treatments
(thermisation).
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