
u n i ve r s i t y  o f  co pe n h ag e n  

Chemically acidified, live and heat-inactivated fermented dairy yoghurt show distinct
bioactive peptides, free amino acids and small compounds profiles

Nielsen, Søren D; Jakobsen, Louise M A; Geiker, Nina Rica Wium; Bertram, Hanne Christine

Published in:
Food Chemistry

DOI:
10.1016/j.foodchem.2021.131919

Publication date:
2022

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY

Citation for published version (APA):
Nielsen, S. D., Jakobsen, L. M. A., Geiker, N. R. W., & Bertram, H. C. (2022). Chemically acidified, live and heat-
inactivated fermented dairy yoghurt show distinct bioactive peptides, free amino acids and small compounds
profiles. Food Chemistry, 376, [131919]. https://doi.org/10.1016/j.foodchem.2021.131919

Download date: 23. maj. 2023

https://doi.org/10.1016/j.foodchem.2021.131919
https://curis.ku.dk/portal/da/persons/nina-rica-wium-geiker(36dfc94c-330a-452a-b2c9-5fa775754a9a).html
https://curis.ku.dk/portal/da/publications/chemically-acidified-live-and-heatinactivated-fermented-dairy-yoghurt-show-distinct-bioactive-peptides-free-amino-acids-and-small-compounds-profiles(295d52b3-aa78-4a60-b7fd-4c27d79a6a9f).html
https://curis.ku.dk/portal/da/publications/chemically-acidified-live-and-heatinactivated-fermented-dairy-yoghurt-show-distinct-bioactive-peptides-free-amino-acids-and-small-compounds-profiles(295d52b3-aa78-4a60-b7fd-4c27d79a6a9f).html
https://curis.ku.dk/portal/da/publications/chemically-acidified-live-and-heatinactivated-fermented-dairy-yoghurt-show-distinct-bioactive-peptides-free-amino-acids-and-small-compounds-profiles(295d52b3-aa78-4a60-b7fd-4c27d79a6a9f).html
https://doi.org/10.1016/j.foodchem.2021.131919


Food Chemistry 376 (2022) 131919

Available online 23 December 2021
0308-8146/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Chemically acidified, live and heat-inactivated fermented dairy yoghurt 
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A B S T R A C T   

Previous studies found variations in the health-promoting effects of consuming different dairy products. This 
study aims at investigating the chemical composition of microbial fermented yogurt, chemically acidified yogurt 
and whole milk to understand the differences in the effects these products exert on human health. For this 
purpose, peptides and small compounds present in the products were examined using a combination of liquid 
chromatography mass spectrometry and nuclear magnetic resonance spectroscopic techniques. Results revealed 
that each product had its own characteristic peptide, free amino acid and small compound profile, and database 
search for bioactivity disclosed that fermented yogurt manufactured using a starter culture is associated with a 
higher bioactivity potential than chemically acidified yogurt or whole milk. Additional cold storage (14 days) 
further enhances the bioactivity potential of fermented yogurt while heat-inactivation, ensuring long shelf-life, 
modulates the proteins available for proteolysis and thereby the peptide profile generated.   

1. Introduction 

Milk is a rich source of nutrients for both infants and adults and is an 
important part of the human diet, particularly in Western countries. 
However, full-fat dairy products contain high amounts of saturated fatty 
acids leading to a general recommendation to limit the intake of these to 
reduce the risk of metabolic diseases. However, in several studies, 
yoghurt consumption has shown an inverse association with develop-
ment of metabolic syndrome (MetS) and cardiometabolic diseases 
(Baspinar & Güldaş, 2020; Beydoun, Gary, Caballero, Lawrence, Che-
skin, & Wang, 2008). The mechanism behind this apparent beneficial 
effect is not yet identified, but as cheeses and yoghurts are found to exert 
a pronounced positive effect compared to regular milk, it has been 
suggested that the fermentation process advised that dietary recom-
mendations must distinguish between fermented and non-fermented 
food products (Astrup, Bertram, Bonjour, de Groot, de Oliveira Otto, 
Feeney, et al., 2019; Geiker, Mølgaard, Iuliano, Rizzoli, Manios, van 
Loon, et al., 2020; Nestel, Beilin, & Mori, 2020). Traditional yogurt is a 
fermented dairy product often made with Lactobacillus delbrueckii subsp. 
bulgaricus and Streptococcus thermophilus as starter cultures. The 
fermentation process by lactobacillus species results in the generation of 

a range of different metabolites (lactate and short-chain fatty acids) and 
hydrolysis of milk proteins into oligopeptides through the cell wall- 
bound proteinases and intracellular peptidases which will digest larger 
peptides into smaller peptide fragments (Arakawa, Matsunaga, Takihiro, 
Moritoki, Ryuto, Kawai, et al., 2015; Griffiths & Tellez, 2013; Taglia-
zucchi, Martini, & Solieri, 2019; Trimigno, Bøge Lyndgaard, Atladóttir, 
Aru, Balling Engelsen, & Harder Clemmensen, 2020). Besides 
lactobacillus-proteases, milk also contains a range of indigenous pro-
teases originating from the cow itself, such as cathepsins and the heat- 
stabile plasmin which is considered the main protease in milk (Larsen, 
Nielsen, Paludetti, & Kelly, 2021). 

Components of yoghurt are suggested to play a positive role in the 
prevention of MetS by stimulating satiety, regulating blood glucose and 
blood pressure (Baspinar & Güldaş, 2020). Ingestion of yoghurt with live 
bacteria improves lactose digestion in lactose-intolerant individuals 
(Piaia, Antoine, Mateos-guardia, Leplingard, & Lenoir-wijnkoop, 2003) 
and contributes to changes in the gut microbiota composition by 
increasing the number of butyrate-producing species and has been 
suggested to alleviate symptoms of immune bowel syndrome (IBS) 
(Veiga, Pons, Agrawal, Oozeer, Guyonnet, Brazeilles, et al., 2014). It is 
not clear if the beneficial effects are related to the transient presence of 
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live bacteria in the gut or the ingestion of peptides and metabolites. 
Therefore, differences in matrix characteristics of fermented, heat- 
inactivated fermented and acidified products remain to be investigated. 

Peptides in yogurt can have health-promoting activities as bioactive 
peptides encrypted in the milk proteins can be released during pro-
cessing or digestion (Nielsen, Beverly, Underwood, & Dallas, 2018; 
Nielsen, Beverly, Underwood, & Dallas, 2020) and potentially have 
substantial impact on consumer health. These functional peptides are 
derived from both casein and whey proteins (Nguyen, Gathercole, Day, 
& Dalziel, 2020) and may exert an array of activities, including anti-
microbial (Ali, Nielsen, Abd-El Aal, El-Leboudy, Saleh, & LaPointe, 
2019), angiotensin converting enzyme (ACE) inhibition (Tu, Wang, 
Chen, Zhang, Liu, Lu, et al., 2018), dipeptidyl peptidase IV (DPP-IV) 
inhibition (Nongonierma, Paolella, Mudgil, Maqsood, & FitzGerald, 
2018), antioxidant (Amigo, Martínez-Maqueda, & Hernández-Ledesma, 
2020), and wound healing properties (Nielsen, Purup, & Larsen, 2019; 
Purup, Nielsen, Le, Bertelsen, Sørensen, & Larsen, 2018). Although 
hundreds of milk-derived bioactive peptides have been identified, the 
presence of these bioactive peptides in dairy products remain under 
examined. However, current advancement in mass spectrometry 
(increased sensitivity, dynamic range, and spectral acquisition rate) al-
lows for comprehensive data collection and more details on bioactive 
peptide present can be obtained. Furthermore, it is not known whether 
these bioactive peptides can act in vivo to promote health as it remains to 
be established whether they reach their site of action. Peptides released 
from milk proteins due to processing have also been identified in a wide 
range of dairy products, such as cheeses (Robinson, Nielsen, Dallas, & 
Barile, 2021), kefir (Dallas, Citerne, Tian, Silva, Kalanetra, Frese, et al., 
2016), lactose-hydrolyzed ultra-high temperature treated milk (Nielsen, 
Zhao, Le, Rauh, Sørensen, Andersen, et al., 2018) and yoghurt (Pinto, 
Picariello, Addeo, Chianese, Scaloni, & Caira, 2020). However, studies 
systematically comparing the chemical composition as well as peptide- 
and small compound profiles of fermented versus non-fermented dairy 
products are sparse. Considering the epidemiological evidence indi-
cating that fermented dairy and non-fermented dairy products exert 
different effect on human health (Companys, Pla-Pagà, Calderón-Pérez, 
Llauradó, Solà, Pedret, et al., 2020), it appears pertinent to obtain a 
better understanding of variations in intrinsic compounds present in 
fermented versus non-fermented dairy products. 

This study aimed to investigate the effect of fermentation on release 
of peptides, free amino acids and changes to metabolites in dairy 
yoghurt. Additionally, it was investigated how heat-inactivation to 
inactivate bacteria used in fermentation with the potential application 
of a long shelf-life yoghurt product impacted the release of these com-
pounds. For this purpose, a combination of liquid chromatography-mass 
spectrometry (LC-MS) and nuclear magnetic resonance (NMR) spectro-
scopic methodologies was employed. 

2. Materials and methods 

2.1. Samples 

A chemically acidified yoghurt-like whole milk without bacterial 
fermentation, and a fermented and then high-temperature pasteurized 
(95 ◦C, 30 sec) whole milk yoghurt were produced for the FerMetS study 
(clinical trials.gov, NCT04755530) (Arla Foods amba, Aarhus, 
Denmark). Fresh commercial whole milk yoghurt (“Kløver 
Sødmælksyoghurt”, Arla Foods amba) and a whole milk (“Arla24 
Sødmælk 3.5%”, Arla Foods amba) were obtained from a local store and 
sampled on the same day. The commercial whole milk yoghurt was also 
stored for 14 days at 4 ◦C before sampling to investigate the effect of 
storage. The chemically acidified yoghurt-like product and the heat- 
inactivated fermented yoghurt contained starch (chemically acidified 
yoghurt-like product contained 1.75% (w/w); heat-inactivated fer-
mented yoghurt contained 1.2% (w/w)) and a hydrocolloid blend 
product (0.8%) added as stabilizers. This is the reason for higher total 

carbohydrate in these products (Table 1). 

2.2. Peptide extraction 

Aliquots of dairy samples were homogenized using a TissueLyser LT 
tissue homogenizer (Qiagen, Hilden, Germany) for 5 min. Subsequently 
the samples were centrifuged (20,000 × g, 20 min at room temperature). 
A volume of 200 µL of the supernatant was mixed with 1000 µL of ice- 
cold, LCMS-grade acetronitrile (ACN) (Sigma-Aldrich, St. Louis, MO, 
United States) with 1% formic acid (FA) (Honeywell Fluka, Roskilde, 
Denmark) and left on ice for 30 min to precipitate the proteins. After-
wards the samples were centrifuged for 20 min at 4 ◦C and 18,000 × g. 
The supernatant was moved to a new Eppendorf tube and dried using 
vacuum centrifugation (SP Scientific, United States). Afterwards the 
peptide solution was redissolved in 300 µL 0.1% trifloroacetic acid 
(TFA). The peptide solutions were desalted to remove salts, oligosac-
charides and lactose using Pierce™ Peptide Desalting Spin Columns 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA). In general, 
unless otherwise noted, the volume of solution used in the different steps 
was 300 μL. The spin columns were conditioned by addition acetonitrile 
followed by centrifugation at 5,000 × g for 1 min. This step was 
repeated. Then the spin columns were washed with 0.1% TFA in water 
followed by centrifugation at 5,000 × g for 1 min, and the step was 
repeated once. Then 300 µL sample was loaded onto the column and 
centrifuged 3,000 × g for 1 min. The columns were then washed with 
0.1% TFA solution and centrifuged at 3,000 × g for 1 min. This step was 
repeated twice before the peptides were eluted from the column using 
50% ACN, 0.1% TFA solution and the elution step was repeated and the 
total volume of 600 µL of eluate was dried using vacuum centrifugation 
(Genevac, Ipswich, United Kingdom). The samples were resuspended in 
100 µL of 0.1% FA in water. 

2.3. Liquid chromatography mass spectrometry 

Liquid chromatography separation was performed on an Agilent 
1200 Series capillary HPLC system (Agilent Technologies 2000, Wald-
bronn, Germany), with an electro-spray ionization source. A volume of 
10 µL of peptides were loaded onto an ACQUITY UPLC BEH130 C18 1.7 
µm 2.1x150mm (Waters, Milford, Massachusetts, USA) connected to an 
Agilent ion mobility - quadrupole time of flight (QTOF). Peptides were 
eluted 0.1% FA in water (A) and 100% ACN, 0.1% FA (B) with a flow 
rate of 250 µL/min. The 100-min gradient consisted of 3–10% solvent B 
over 3 min, 10–40% solvent B over 75 min, 40–90% solvent B over 3 
min, 90% solvent B for 4 min. Then, 90–3% solvent B over 1 min then 
finally held at 3% solvent B for 10 min. Each sample analysis was fol-
lowed by a 30 min column wash. Spectra were collected in positive 
ionization mode. The mass spectrometer cycle time was 3 s, with data- 
dependent analysis and automated precursor peak selection. The mass 
spectrometer was set to scan masses between 100 and 2,500 m/z and the 
fragmentation mode was set to collision-induced dissociation. Precursor 
ions were selected for fragmentation based on the following criteria: 
most intense peaks, ion intensity threshold 5.0 × 103 and charge state 
1–3 + . Precursors were excluded (10 ppm mass error) after one frag-
mentation and held for 1 min. 

2.4. Protein identification by database searching and de novo search 

The collected spectra were analyzed by database searching and de 
novo sequencing PEAKS software (Bioinformatics Solutions Inc, Wa-
terloo, Canada) using an in-house bovine milk protein sequence data-
base. Potential modifications included in search were phosphorylation 
of serine/threonine and oxidation of methionine. Counts measured the 
number of unique peptide sequences identified in a sample, whereas the 
ion intensity measured the area under the curve of the eluted peak. The 
parent mass error tolerance was 20 ppm, and the fragment mass error 
tolerance was 0.5 Da. The enzyme pattern selected was set to 
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nonspecific. The false discovery rate was set to 1% and de novo score 
was ≥ 80%. 

2.5. Bioactive peptide prediction 

Peptides identified in the yoghurt samples were examined for ho-
mology with literature identified bioactive peptides using the Milk 
Bioactive Peptide Database (MBPDB, http://mbpdb.nws.oregonstate. 
edu/) (Nielsen, Beverly, Qu, & Dallas, 2017). The MBPDB is a compre-
hensive database covering all known milk bioactive peptides. The search 
was performed for bioactive peptides matching the input peptide 
sequence with a “similarity threshold” of 80%. The peptides not iden-
tified as antimicrobial by database searching was investigated for the 
potential antimicrobial activity using CAMPR3 (Waghu, Barai, Gurung, 
& Idicula-Thomas, 2016). Peptides were considered as potential anti-
microbials when they retrieved a score above 0.5 on both the two best- 
performing antimicrobial prediction methods (support vector machine 
and random forest classifiers). The peptides identified in the samples 
which were not known angiotensin converting enzyme (ACE) inhibitors, 
where search for their potential as ACE-inhibitors using AHTpin (Kumar, 
Chaudhary, Singh Chauhan, Nagpal, Kumar, Sharma, et al., 2015), a tool 
for predicting ACE-inhibitory peptides. Using this tool, the criteria was 
set to SVM threshold above 1, which provided the highest probability of 
a correct prediction of an ACE-inhibitory peptide. 

To investigate whether the peptides in yoghurt would potentially 
survive digestion, we used the in silico digestion tool from the BIOPEP 
website (Minkiewicz, Iwaniak, & Darewicz, 2019). Each peptide was in 
silico digested using the three gastrointestinal enzymes: pepsin (E.C. 
3.4.23.1), trypsin (EC 3.4.21.4) and chymotrypsin (EC 3.4.21.1). If no 
cleavage of the peptides was predicted, it was categorized as potentially 
surviving digestion. 

2.6. Analysis of small compounds by 1H NMR spectroscopy 

For 1H NMR analysis, three replicates of each dairy sample were 
prepared by the following steps: samples were diluted 1:1 in milliQ H2O, 
vortexed and then transferred to ultracentrifuge filters with a cutoff 
limit of 10 kDa (Amicon Ultra, Millipore Corp., Billerica, MA, USA) and 
centrifuged at 4 ◦C and 14.000 × g for 60 min. A volume of 200 µL 
filtrate was transferred to NMR tubes (5 mm) with 380 µL phosphate 
buffer (pH = 7.4) and 70 µL deuterated water (99.9 % atom D) con-
taining 0.05% (w/w) 3-(trimethylsilyl)propionic-2,2,3,3,-d4 acid (TSP) 
sodium salt (Sigma Aldrich, St. Louis, MO, USA). 

2.7. NMR spectroscopy acquisition parameters 

1H NMR spectra were acquired using a Bruker Avance 600 MHz NMR 
spectrometer (Bruker BioSpin, Rheinstetten, Germany) operating at a 
proton frequency of 600.03 MHz and equipped with a 5 mm TXI probe 
with a target probe temperature 300 K. 

The 1D NOESY pulse experiment with pre-saturation of the spectral 
region containing the water peak (nosygppr1d) was used with a recycle 
delay of 4 s and an acquisition time of 2.75 s. The spectral width was 
11904 Hz (19.8 ppm) and a total of 32 scans were collected into 66 k 
data points for each spectrum. 

2.8. Processing parameters and data analysis 

In Topspin (version 3.0, Bruker BioSpin, Rheinstetten, Germany), an 
experimental window function with a line-broadening factor of 0.3 Hz 
was applied to all FIDs before Fourier transformation. Preprocessing 
included automatic phase correction and baseline correction using 
polynomials. 

Small compounds were quantified in the Chenomx NMR suite soft-
ware (professional version 8.6, Chenomx Inc, Edmonton, AB, Canada) 
using the build-in Chenomx library and Human Metabolome Database 
library (HMDB 600 MHz, version 11). The resulting data were imported 
into SIMCA (Version 16, Umetrics AB, Umeå, Sweden) and analyzed 
using principal component analysis with autoscaling of the NMR or 
peptide analysis data. Metabolites or peptides that were missing in more 
than 50% of samples were excluded. 

2.9. Statistics 

Differences overall peptide intensity and count as well as peptide 
count of individual proteins were determined using an analysis of 
variance with Tukey’s HSD post hoc test in the statistical program 
RStudio. For peptide differences, data were analyzed with Perseus 
v.1.6.1.1 (Planegg, Germany). Once data were loaded into the software, 
they were log2-transformed and grouped into types of yoghurt. Data 
were filtered based on peptide identification in at least 3 of 4 sample 
replicates. A volcano plot was constructed based on log2-fold change on 
the x-axis and − log(p-value) on the y-axis. Using the ANOVA test in 
Perseus (Tyanova, Temu, Sinitcyn, Carlson, Hein, Geiger, et al., 2016) 
the significance between peptide intensity between the samples were 
determined (P < 0.05). Cluster analysis was conducted in R using 
ComplexHeatmap (Gu, Eils, & Schlesner, 2016) on log2-transformed 
data using z-scores were missing values were replaced by zero. 

Multivariate data analysis of peptides and quantified small com-
pounds was performed by principal component analysis (PCA) using 
SIMCA (version 16, Sartorius Stedim Data Analytics AB, Goettingen, 
Germany). Univariate analysis of quantified compounds was performed 
in R (version 4.0.3, R Core Team, Vienna, Austria) using analysis of 
variance together with Tukeys HSD test. 

3. Results and discussion 

3.1. Peptide generation is higher in fermented products 

In the present study, five different dairy products were characterized 
including three products undergoing fermentation with a starter culture 
(S. thermophilus and L. delbrueckii subsp. bulgaricus). The total number of 
peptides identified in fermented yoghurt was 402 and this number 
increased to 514 peptides after 14 days of cold storage, which is likely a 
result of post-fermentation activity of the starter culture during storage. 
The yoghurt that was heat-inactivated after a fermentation period of 13 
h (42 ◦C) was found to contain 482 peptides on average (Fig. 1A), and 
thus resembling a fermented yogurt stored in 14 days in terms of peptide 
content. This finding suggests that either proteolytic activity increased 
due to thermal denaturation of proteins or heating increased perme-
ability of the lactobacillus cell-wall enabling proteolytic enzymes to be 
released into the yoghurt. The latter mechanism was also previously 

Table 1 
Nutrient content and characteristics of the dairy products per 100 g.   

Chemically acidified Heat inactivated fermented Fermented (D1) Fermented (D14) Whole milk 

Product type Yoghurt-like Yoghurt Commercial yoghurt Commercial yoghurt Commercial whole milk 
Fat 3.5 3.5 3.5 3.5 3.5 
Carbohydrate 5.8 6.3 3.5 3.5 4.6 
Protein 3.8 3.8 3.6 3.6 3.4 
Salt 0.15 0.15 0.11 0.11 0.11  
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suggested in a study incubating skimmed milk with heat-shock treated 
or non-treated lactobacillus, where the former showed increased pro-
teolytic activity (Zhang, Chen, Zhang, Zhang, Fang, & Jiang, 2017). The 
fermented yoghurt samples contained significantly more peptides (up to 
354%) at a significantly higher total abundance than chemically acidi-
fied milk, which had a similar number of peptides as whole milk; on 
average 145 and 123 identified peptides, respectively (Fig. 1A and 1B). 
This was expected as it has been suggested that lactobacillus hydrolyze 
milk proteins by three mechanisms, firstly, the cell wall-bound pro-
teinases digest the caseins into oligopeptides, secondly, peptidases 
digest larger peptides into smaller peptide fragments, which thirdly can 
be taken up by the bacteria through the cell membrane, where intra-
cellular peptidases will further hydrolyze the peptides (Arakawa, et al., 
2015). The total number of identified peptides in fermented products in 
this study was up to twice the number of peptides recently reported (Jin, 
Yu, Qi, Wang, Yan, & Zou, 2016). Peptides that were identified at least in 

50% of the replicates from a yoghurt were compared amongst the four 
yoghurt products (Fig. 1C). Only 15 peptides were overlapping between 
all four yoghurt products, while 247 peptides were overlapping between 
the three microbial fermented yoghurts. Fermented yoghurt at 1 and 14 
days of storage had 110 peptides in common that were not found in any 
of the other products. Chemically acidified and heat-inactivated fer-
mented yoghurt had the highest number of peptides that was unique for 
that specific product, meaning that the peptide profile are quite different 
for the chemically acidified, the fermented and the heat-inactivated 
fermented products, respectively. A principle component analysis 
(PCA) of the peptide profiles obtained for the 5 products confirmed that 
chemically acidified yoghurt and whole milk was similar, whereas the 
fermented yoghurt samples clustered separately (Fig. 1D). The PCA 
scores and loadings are provided together in supplementary material 
(Figure S1). 

Fig. 1. Differences in total number of peptides identified in Identified in chemically acidified, heat inactivated fermented yoghurt, fermented yoghurt at day 1 (D1), 
fermented yogurt stored for 14 days (D14) and whole milk. Total count (A) and abundance (B) of peptides identified in the different dairy products. (C) Venn diagram 
showing number of peptides identified in each sample group and their overlaps with other samples groups. (D) Count of peptides derived from milk proteins and 
identified in yoghurt products. Different letters indicate significantly different values (p < 0.05). (E) 3D PCA Scores plot with individual dots representing individual 
products colored according to treatment. (F) Cluster analysis on label-free quantitative peptidomics data combined with heatmap of changes in peptide level from the 
different proteins between products. 
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3.2. Protein-specific proteolysis 

Examination of the origin of the detected peptides revealed that the 
majority of peptides derived from proteolysis of the four major caseins: 
β-casein, κ-casein, αs1-casein and αs2-casein. This finding corroborates 
that these casein fractions is known to be the main substrates for pro-
teinases deriving from the two lactic acid bacteria utilized in the 
fermentation of the three fermented products (combination of 
S. thermophilus and L. delbrueckii subsp. bulgaricus)(Pinto, Picariello, 
Addeo, Chianese, Scaloni, & Caira, 2020). In line with previous results 
(Pinto, Picariello, Addeo, Chianese, Scaloni, & Caira, 2020), only a few 
peptides were identified from the minor whey proteins such as 
glycosylation-dependent cell adhesion molecule, osteopontin and poly-
meric immunoglobulin receptor (Fig. 1E). Only 2 peptides were identi-
fied from β-lactoglobulin, which is the most abundant whey protein. 
These peptides were mainly present in the chemically acidified product. 
No peptides from α-lactalbumin were identified, indicating resistance 
towards hydrolysis from the bacterial proteases of these two whey 
proteins. It is well-known that this resistance to proteolysis is due to the 

highly ordered structure of native globular whey proteins, unlike the 
more random structure of micellar caseins (Thomas & Pritchard, 1987). 
A higher proportion of peptides from β-casein was identified in the heat- 
inactivated fermented yoghurt compared to the two fermented yoghurts. 
The two fermented yoghurts had a higher proportion of peptides from 
κ-casein compared to the heat-inactivated fermented yoghurt. Although 
κ-casein is the least abundant protein of the casein in bovine milk, there 
was a relative high proportion of peptides from this protein, confirming 
previous results that lactic acid bacteria are more prone to degrade this 
protein compared to other milk proteins (Zhang, Chen, Zhang, Zhang, 
Fang, & Jiang, 2017). As κ-casein is located on the surface of the casein 
micelles (de Kruif, Huppertz, Urban, & Petukhov, 2012), it is likely more 
accessible to proteolytic enzymes, which could explain its relative high 
proteolysis. The higher proportion of β-casein peptides in the heat- 
inactivated fermented yoghurt compared to the two fermented 
yoghurt may reflect that heat-inactivation increases the accessibility to 
this protein. To extend the analysis a hierarchical clustering was per-
formed of all identified peptides (Fig. 1F) combined with a heatmap of 
their ion intensity. The whole milk and chemically acidified milk 

Fig. 2. Peptides identified the different yoghurt samples from (A) β-casein, (B) κ-casein, (C) αs1-casein and (D) αs2-casein aligned over the protein sequence. (E-G): 
Volcano plots depicting fold change in individual peptide intensity (x-axis, logarithmic) and p-value (y-axis, logarithmic) between fermented (heat inactivated and 
fermented yoghurt. Filled circles are peptides with significantly different intensity between samples. 
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constituted one cluster and the two fermented yoghurts formed a second 
clustered, which is in agreement with the results of the PCA analysis. 

3.3. Comparison between dairy products 

The identified peptides were mapped to the protein sequence of the 
four caseins (β-, κ-, αs1-, and αs2-casein) in the four yoghurt samples and 
the milk control (Fig. 2A-D). Heat-inactivated fermented yoghurt had a 
different profile of the β-casein compared to the two fermented yo-
ghurts. Peptides identified from κ-casein were also exclusively identified 
in fermented products and they covered the entire protein sequence. 
Similar profiles were obtained from the fermented products, but the 
highest abundance of peptides from kappa-casein was obtained from 
fermented yoghurt stored for 14 days. Overall in the fermented yo-
ghurts, most peptides derived from the hydrophobic C-terminal of 
β-casein, which also previously has been identified as preferred cleavage 
site of Lactobacillus endopeptidases (Kieliszek, Pobiega, Piwowarek, & 
Kot, 2021). The N-terminal of αs1-casein was found as a preferred 
cleavage site for these enzymes (Kieliszek, Pobiega, Piwowarek, & Kot, 
2021), which was also demonstrated here. However, the peptide profile 
of whole milk and chemically acidified yoghurt show that this area of 
αs1-casein casein was similarly prone to cleavage by the indigenous en-
zymes present in milk not related to fermentation. Several indigenous 
and exogenous proteases are present in milk, where at least plasmin is 
known to be thermoresistant (Stoeckel, Lidolt, Stressler, Fischer, Wen-
ning, & Hinrichs, 2016). No peptides were identified from amino acid 
residues of αs1-casein which contains the caseinophosphopeptide (CPP). 
However, phosphopeptides generally suffer from poor ionization when 
analyzed in a mixture of milk peptides (Pinto, Picariello, Addeo, Chia-
nese, Scaloni, & Caira, 2020). Therefore, since we identified a high level 
of peptides from the protein sequence around the CPP position, it is 

likely that peptides covering the CPP region is present in the fermented 
products. 

The homologous peptides between the three fermented products 
were compared to elucidate whether any of these homologous peptides 
were more abundant in some of the fermented yoghurts. Amongst the 
homologous peptides, more peptides were significantly higher in heat- 
inactivated fermented yoghurt compared to fermented yoghurt (D1) 
(Fig. 2E). This could be due to heat treatment causing a disruption of the 
casein micelle, thereby exposing more proteins to the proteolytic en-
zymes, or that heat treatment causes protein denaturation increasing 
cleavage site accessibility (Broersen, 2020). Another explanation could 
be, that the thermal treatment releases bacterial intracellular proteases 
into the yoghurt increasing the proteolytic impact on the milk proteins. 
Storing the fermented yogurt for 14 days, significantly increased most of 
the peptides homologous between day 1 and day 14, showing the 
continuous proteolysis during this storage, at the same cleavage sites 
leading to a higher level of hydrolyzed proteins (Fig. 2F). This increase 
in peptides during the 14 days of storage also resulted in more of the 
homologous peptides between heat-inactivated fermented yoghurt and 
fermented yoghurt (D14) were now significantly more abundant in the 
fermented yoghurt (Fig. 2G). 

3.4. Proteolytic cleavage sites 

To investigate the enzymatic involvement in digestion of the milk 
proteins, we investigated the amino acids located at P1 and P1′ of the C- 
and N-termini of the identified peptides (Fig. 3). P1 is used as a term for 
the amino acid positioned just prior to the enzymatic cleavage site in the 
protein sequence and P1′ is the amino acid positioned just after the 
enzymatic cleavage site. Peptides deriving from chemically acidified 
milk and whole milk, almost exclusively had lysine, arginine, or leucine 

Fig. 3. Total ion intensity of peptides distributed according to their P1 and P1′ cleavage site amino acid in yoghurt and milk samples.  
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at the P1 position of their cleavage site. Lysine and arginine at the P1 
position, matches the cleavage specificity of plasmin (Rawlings, Waller, 
Barrett, & Bateman, 2013), which is known to be the dominant active 
protease in bovine milk. Leucine at the P1 position matches the cleavage 
site specificity of Cathepsin D, indicating the activity of this enzyme in 
these two dairy products as well. Fermentation resulted in peptides with 
mainly leucine and glutamine at the P1 position, followed by alanine, 
glutamic acid, asparagine, methionine and valine. This is in line with a 
previous study on cheese making showing that Lactobacillus delbrueckii 
spp. bulgaricus cleaved peptide bonds with glutamine and leucine at the 
P1 position (Oommen, McMahon, Oberg, Broadbent, & Strickland, 
2002). 

3.5. Bioactive peptides are present in milk and fermented yoghurts. 

The identified peptides in the dairy product were compared for 
sequence homology (greater than80% sequence similarity) with known 
bioactive peptides using the MBPDB (Table 2). Of the 402 identified 
peptides in fermented yoghurt (D1), 145 had high sequence homology to 
known bioactive peptides. After 14 days of storage, the number of 
peptides with homology to known bioactive peptides increased to 174. 
Of the 482 peptides identified in heat-inactivated fermented yoghurt, 
181 were highly homologous to known bioactive peptides, several of 
these with more than one known biological function. Several of the 
peptides not matching known bioactive peptides were predicted to 
contain potential bioactivity towards both ACE-inhibition and antimi-
crobial activity (Table 2). Especially peptides matching known peptides 
with ACE-inhibitory activity were identified. ACE-inhibition is the most 
widely identified bioactivity of peptides deriving from milk proteins 
(Nielsen, Beverly, Qu, & Dallas, 2017). This is in line with previous 
result showing that extracellular enzyme of Lactobacillus delbrueckii 
subsp. bulgaricus produced milk protein hydrolysates with ACE- 
inhibitory activity as well as anti-inflammatory activity (Li, Haber-
mann, Kliche, Klempt, Wutkowski, Clawin-Rädecker, et al., 2019). In 
order to have a biological impact, the bioactive peptides must reach 
their site of action. From the identified activities, antimicrobial peptides, 
opioid and peptides promoting mucin expression could exert their ac-
tivity within the gastro-intestinal tract. Although many milk peptides 
survive intact throughout the entire digestive tract, the identified 
bioactive peptides are prone to further hydrolysis by the gastric and 
intestinal enzymes, which could result in loss of activity. Of the potential 
bioactive peptides identified in the dairy products, only few were found 
to likely survive digestion according to in silico digestion using the 
BIOPEP database (Table 2). As β-casein and αs1-casein is widely hydro-
lyzed during fermentation, the release of CPP in yoghurt has been 
investigated and confirmed in a previous study using enrichment of 
phosphopeptides before peptide analysis (Pinto, Picariello, Addeo, 
Chianese, Scaloni, & Caira, 2020). These are interesting findings as CPPs 
could have potential beneficial impact on teeth mineralization and this 
could be a direct effect from their presence in yoghurt (Pinto, Picariello, 
Addeo, Chianese, Scaloni, & Caira, 2020). 

3.6. Small compounds examination 

A total of 29 small compounds were identified (Table S1) and 
quantified (Table S2) using NMR spectroscopy. The quantified com-
pounds included amino acids, organic acids, citric acid cycle in-
termediates and glycans. All small compounds, that are commonly 
found in milk (Sundekilde, Larsen, & Bertram, 2013). A PCA model was 
calculated with the metabolite concentrations from the five products 
(Fig. 4A and 4B). As expected, the greatest difference in metabolite 
profiles of the dairy products was related to the effect of fermentation, 
which resulted in the generation of free amino acids, glycans, TCA cycle 
intermediates and end-products of saccharolytic fermentation. Overall, 
the fermented products displayed a more complex metabolic pattern 
than the chemically acidified product and whole milk. Compared to non- 
fermented products (whole milk and chemically acidified yoghurt), both 
of the fermented yoghurts (fermented and heat-inactivated fermented) 
were characterized by higher levels of branched-chain amino acids 
(BCAA), TCA cycle intermediates as well as end-products of saccha-
rolytic fermentation. Cold storage of the fermented yoghurt did not 
change the metabolic profile profoundly, since the fermented (D1) and 
fermented (D14) yoghurt overlapped in the PCA scores plot (Fig. 4A). 

3.7. Higher level of free branched-chain amino acids (BCAA) and 
metabolites in fermented products 

Fermented yoghurts displayed higher levels of the BCAA leucine, 
isoleucine and valine, while in whole milk and chemically acidified 
isoleucine and leucine were below detection level. Lactose was the 
major carbohydrate present in the samples and the level was highest in 
whole milk and chemically acidified yoghurt, while it was lower in the 
two fermented yoghurts (fermented and heat-inactivated fermented). 
Carbon from lactose is utilized by the starter culture during saccha-
rolytic fermentation generating lactate and other organic acids. The 
presence of galactose in fermented yoghurts (Fig. 4B) reflects the 
mechanism that the two bacterial strains in the yoghurt culture utilizes 
for lactose fermentation; lactose is transported into the bacterial cells, 
where it is hydrolyzed into glucose and galactose. While glucose is 
further metabolized inside the cells, most galactose is excreted as it is not 
the preferred substrate for the bacteria in the yoghurt culture (Sørensen, 
Curic-Bawden, Junge, Janzen, & Johansen, 2016). Lactate is the major 
metabolite of saccharolytic fermentation by lactic acid bacteria, but in 
the chemically acidified yoghurt, lactate was added as a chemical 
acidifier. Lactate was present in similar concentrations in all samples, 
except for whole milk (Table S2). The presence or other organic acids 
apart from lactate in the fermented products (Fig. 4B and Table S2) is a 
strong indication of heterofermentative fermentation (Kandler, 1983). 
These compounds contribute to taste and flavor of the products, but are 
also important for the metabolism and protocooperation of the yoghurt 
bacteria culture (Sørensen, Curic-Bawden, Junge, Janzen, & Johansen, 
2016). 

Table 2 
Homologous bioactive peptides identified and predicted.  

Product Antihypertensive 
(DB / +predicted 
a) 

Antimicrobial 
(DB / +predicted 
b) 

DPP-IV inhibitory (DB 
search) 

Antioxidant 
(DB search) 

Immunomodulatory(DB 
search) 

Other 
(DB 
search) 

Survives digestion and 
bioactive c 

Chemically acidified 32 (+13) 36 (+3) 1 10 14 22 0 
Heat-inactivated 

fermented 
100 (+123) 51 (+15) 6 64 14 60 6 

Fermented (D1) 69 (+108) 45 (+11) 3 56 11 41 11 
Fermented (D14) 80 (+126) 57 (+18) 0 65 12 58 18 
Whole milk 24 (+11) 35 (+4) 0 9 12 17 0  

a AHTpin, SVM threshold set to 1.0. 
b CAMPR3, SVM + Random forest confirmation of AMP 
c Resistant to gastrointestinal digestion according to BIOPEP in silico digestion tool. 
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3.8. Effects of heat-inactivation of fermented and acidified yoghurt on 
level of amino acids and glycans 

The chemically acidified and heat-inactivated fermented products 
were both high-temperature pasteurized (95 ◦C, 30 sec) in order to 
secure two properties: 1) secure a long shelf life and 2) inactivate bac-
teria used in fermentation. Along PC2 of the scores plot (Fig. 4A) it was 
possible to separate the heat-inactivated fermented from the fermented 
yoghurt. Compared to the fermented yoghurt, the heat-inactivated fer-
mented yoghurt showed a pattern of higher concentration of the amino 
acids valine, methionine, leucine, glutamate and alanine (Fig. 4B and 
Fig. 4C). This is consistent with the peptidomic results, where the heat- 
inactivated fermented product also displayed a higher number of pep-
tides compared to fermented products. It is likely that the heat- 
inactivation confers protein and peptide hydrolysis leading to an 
increased level of peptides and free amino acids. The increase in amino 
acids might also be a result of water evaporation during processing steps 
such as dry matter standardization and pasteurization (Baspinar & 
Güldaş, 2020). Interestingly, the lactose content was slightly lower in 
the chemically acidified product compared to whole milk. A lower 
lactose and a lower glucose level were also found in heat-inactivated 
fermented compared to fermented yogurt (D1). The high-temperature 
pasteurization of the chemically acidified and the inactivated product 
after acidification/fermentation might lead to the heat-induced glyca-
tion of the milk proteins with either lactose (lactosylation) or glucose 
and therefore loss of their free form (Milkovska-Stamenova & Hoffmann, 
2016). 

4. Conclusion 

The present study demonstrated that a fermentation process 
increased the number and abundance of released peptides in dairy 
products. The fermented products were associated with a higher 
bioactive peptide potential. In the non-heat-inactivated fermented 
yoghurt product, there was a continuous generation of peptides over a 
14 days cold storage period. Heat-inactivation of a fermented yoghurt is 
relevant for a long shelf-life yoghurt product, and it is therefore 
intriguing that we found that thermal treatment of the fermented yogurt 
showed equal or higher level of peptides in the product than found in the 
non-heat-inactivated fermented yoghurt. The peptide profile of the heat- 
inactivated fermented yoghurt was distinctly different from that of the 
fermented yoghurt without heat-inactivation. Analysis of the small 
compounds showed that the fermented yoghurts also had slightly higher 
levels of amino acids, either from enzymatic or heat-induced proteolysis 
of dairy proteins. Fermented yoghurts contained less lactose, but more 
galactose and higher levels of organic acids from saccharolytic 
fermentation. The chemically acidified yoghurt elicited a similar lactic 
acid concentration as fermented yoghurts, but no other organic acids. 
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