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ABSTRACT

Yogurt consumption is a natural way of accessing 
bioactive metabolites such as peptides and short-chain 
fatty acids (SCFA). Proteolytic systems and metabolic 
pathways of lactic acid bacteria (LAB) and probiotics, 
which differ among the species, influence bioactive 
metabolite profiles in yogurt. This study determined the 
bioactive peptide and SCFA profiles in mixed-species 
yogurt incorporating Bifidobacterium bifidum ATCC 
11863, Bifidobacterium breve ATCC 15700, Bifidobac-
terium animalis ssp. animalis ATCC 25527, and Lactica-
seibacillus rhamnosus GG using ultra-performance liq-
uid chromatography coupled to electrospray ionization 
quadrupole-time-of-flight MS and GC-MS, respectively. 
Significantly higher proteolytic activities were observed 
in yogurt incorporating either probiotic species of B. bifi-
dum ATCC 11863 or L. rhamnosus GG. Yogurt incorpo-
rating B. bifidum ATCC 11863 contained more peptides 
with higher bioactivity. Bifidobacterium animalis ssp. 
animalis ATCC 25527 significantly enhanced the SCFA 
content (acetic acid) in yogurt. Whereas L. rhamnosus 
GG increased the production of both bioactive peptides 
and SCFA in yogurt when incorporated as a monocul-
ture or coculture with B. bifidum ATCC 11863 and B. 
animalis ssp. animalis ATCC 25527, respectively. Novel 
short peptides (<10 AA) derived from minor milk serum 
proteins with potential antimicrobial properties were 
identified in the different probiotic yogurts. This study 
provides insights into the bioactive metabolite profiles 
of yogurt incorporating probiotics, L. rhamnosus and 
Bifidobacterium spp., and their role in developing yogurt 
with enhanced therapeutic benefits.
Key words: yogurt, probiotics, Bifidobacterium spp., L. 
rhamnosus, bioactive metabolites

INTRODUCTION

Milk serves as a fundamental component of the hu-
man diet. It is a natural source of important nutrients 
such as proteins, carbohydrates, minerals, and vitamins 
(Cimmino et al., 2023). In addition to its rich nutritional 
content, the consumption of fermented milk has proven 
to be even more valuable to human health (Savaiano and 
Hutkins, 2021). The bioactivity of fermented milk prod-
ucts has been attributed to bioactive metabolites, mainly 
short-chain fatty acids (SCFA) and peptides generated 
during the fermentation process by starter and probiotic 
species (Annunziata et al., 2020; Gu et al., 2020; Chang 
et al., 2021; Nielsen et al., 2022). The SCFA are mono-
carboxylic acids consisting of 2 to 6 carbon atoms (e.g., 
acetic acid [C2], propionic acid [C3], and butyric acid 
[C4]) that are produced as metabolic byproducts of many 
fermentative pathways (Annunziata et al., 2020). The 
SCFA are associated with various bioactivities such as 
anti-inflammatory, immunomodulatory, and gut barrier 
strengthening effects (Sigala-Robles et al., 2022). Their 
production in dairy products during fermentation is in-
fluenced by the variability in probiotic strain or species 
type and metabolic interactions between different species 
or strains, or both, in cocultures (Fernando et al., 2018; 
Annunziata et al., 2020). For example, Fernando et al. 
(2018) reported a synergistic interaction in interspecies 
cocultures involving Lacticaseibacillus, Lactobacillus, 
and Bifidobacterium species for SCFA production during 
fiber fermentation. The authors showed that Bifidobac-
terium and Lactobacillus species cocultures yield more 
SCFA than the cocultures of intraspecies. This synergis-
tic effect has been attributed to different SCFA metabolic 
pathways where Bifidobacterium species use various 
pathways such as Wood-Ljungdahl and bifid shunt. In 
contrast, Lactobacillus species use transketolase path-
way for acetate production (Fernando et al., 2018; An-
nunziata et al., 2020). This difference in metabolic path-
ways between Bifidobacterium species and lactobacilli, 
where the former expectedly produce more SCFA than 
the latter, results in synergistic effect during fermenta-
tion (Fernando et al., 2018; Annunziata et al., 2020). The 
synergistic effect in cocultures can be confirmed through 

Bioactive metabolite profiling in mixed-species probiotic yogurt
Tlaleo A. Marole,1  Thulani Sibanda,1,2  and Elna M. Buys1*  
1Department of Consumer and Food Sciences, University of Pretoria, Hatfield 0028, South Africa
2Department of Biology, National University of Lesotho, Maseru 100, Lesotho

 

J. Dairy Sci. 109:3258–3272
https://doi.org/10.3168/jds.2025-27711
© 2026, The Authors. Published by Elsevier Inc. on behalf of the American Dairy Science Association®. 
This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).

The list of standard abbreviations for JDS is available at adsa.org/jds-abbreviations-26. Nonstandard abbreviations are available in the Notes.

Received October 3, 2025.
Accepted December 31, 2025.
*Corresponding author: elna.buys@​up​.ac​.za

https://orcid.org/0000-0003-0794-6977
https://orcid.org/0000-0002-6422-2871
https://orcid.org/0000-0001-7836-9295
https://adsa.org/jds-abbreviations-26
mailto:elna.buys@up.ac.za


3259

Journal of Dairy Science Vol. 109 No. 4, 2026

techniques such as omics employing a combination of 
metabolomics, genomics, viability determination, and 
molecular characterization to understand the interactions 
in mixed-species food matrices, as demonstrated in pre-
vious studies (Herkenhoff et al., 2023).

Furthermore, milk-derived peptides are products of hy-
drolysis of caseins and whey proteins through the activi-
ties of native peptidases and microbial enzymes during 
fermentation (Jin et al., 2016). The bioactivities of these 
peptides include angiotensin-converting-enzyme (ACE) 
inhibition, dipeptidyl peptidase IV (DPP-IV) inhibition, 
antimicrobial, antioxidative, antithrombotic, antihyper-
tensive, opioid agonist, mineral binding, and immuno-
modulatory properties (Baum et al., 2013; Nielsen et al., 
2017). In yogurt fermentations, peptides are produced 
through the proteolytic systems of the lactic acid bacteria 
(LAB) starter and probiotic cultures. These systems are 
comprised of cell envelope proteinases (CEP), peptide 
transport system (PTS), and intracellular peptidases 
(Kieliszek et al., 2021; Yu et al., 2021). The CEP first hy-
drolyze milk proteins into oligopeptides, which are then 
transported into the cell by the PTS system (Kieliszek 
et al., 2021; Harper et al., 2022). The oligopeptides can 
further be hydrolyzed by intracellular peptidases into 
peptides and AA for the nitrogen requirements of the cell 
(Olvera-Rosales et al., 2023b). However, some of the in-
tracellularly derived peptides are secreted out of the cell 
into the fermented milk or yogurt (Olvera-Rosales et al., 
2023b). Moreover, in LAB, several CEP have been char-
acterized, including PrtH in Lactobacillus helveticus, 
PrtP in Lacticaseibacillus paracasei and Lactococcus 
lactis, PrtB in Lactobacillus delbrueckii ssp. bulgaricus, 
PrtR in Lacticaseibacillus rhamnosus, and Lactiplanti-
bacillus plantarum, PrtS for Streptococcus thermophilus, 
and PrtL for Lactobacillus delbrueckii ssp. lactis (Vil-
legas et al., 2015; Gu et al., 2020; Harper et al., 2022).

In addition, differences in CEP specificities and AA re-
quirements among LAB and probiotic species and strains 
lead to different peptide profiles in various yogurts and 
fermented milks (Gu et al., 2020; Olvera-Rosales et al., 
2023b). Hence, different proteolytic systems of probiotic 
LAB strains in cocultures could result in varying peptide 
profiles with potentially increased bioactivity and func-
tionality (Olvera-Rosales et al., 2023b). Whereas some 
studies on bioactive peptides of yogurt starter cultures 
and other individual LAB probiotic species have been re-
ported (Begunova et al., 2021; Yu et al., 2021; Nielsen et 
al., 2022), information on the peptide profiles produced 
in multiprobiotic species yogurt incorporating cocultures 
of Bifidobacterium spp. and L. rhamnosus is lacking. 
Therefore, this study hypothesized that the incorporation 
of L. rhamnosus and Bifidobacterium spp. in yogurt will 
improve the degree of proteolysis and the diversity of 
generated peptides and increase biofunctional properties 

of the peptides and SCFA. This study determined the 
bioactive peptide and SCFA profiles of mixed-species 
yogurt incorporating Bifidobacterium spp., namely, 
Bifidobacterium bifidum (B. bifidum) ATCC 11863, Bi-
fidobacterium breve ATCC 15700, and Bifidobacterium 
animalis ssp. animalis ATCC 25527, and L. rhamnosus 
GG/ATCC 53103 with the aim of producing probiotic 
yogurt with enhanced functionality.

MATERIALS AND METHODS

Probiotic Strains Used in the Study

The probiotics, namely, L. rhamnosus ATCC 53103/GG 
and Bifidobacterium spp. (B. animalis ssp. animalis ATCC 
25527, B. bifidum ATCC 11863, and B. breve 15700; 
KWIK-STIK, Microbiologics, MN), were resuscitated and 
stored as previously described (Marole et al., 2024).

Yogurt Production

Raw cow milk obtained from the University of Pretoria 
Research Farm (Pretoria, South Africa) was aliquoted into 
250-mL sterile Schott bottles and incorporated with 1.5% 
stabilizer (AFRISTAB DD25, Synercore, Johannesburg, 
South Africa). After mixing, the milk was pasteurized at 
85°C for 30 min, then cooled down to fermentation tem-
perature of 40°C. This was followed by inoculation with 
the yogurt starter (0.005%, vol/vol, LYOFAST Y 259) 
and probiotic species (L. rhamnosus and Bifidobacterium 
spp.) each at a concentration of 1.5 × 109 cells/mL (5.0 
McFarland Standard). The yogurt samples were allowed 
to ferment until pH 4.5 was reached, then stored for 14 d 
at 4°C. The probiotic yogurt samples and strain combina-
tions used in the study are described in Table 1. Milk 
acidified with lactic acid (0.7%–0.9%) to pH 4.5 (AC) 
and normal yogurt (SC) fermented with the commercial 
starter cultures, S. thermophilus and L. delbrueckii ssp. 
bulgaricus, were included as controls.

Determination of Degree of Proteolysis During 
Yogurt Fermentation

The o-phthaldialdehyde (OPA) method for the deter-
mination of protein hydrolysis degree was used following 
the protocol described by Nielsen et al. (2001) and Sah 
et al. (2014). Briefly, 3 g of yogurt was mixed with 3 mL 
of 0.75 M trichloroacetic acid (TCA, Merck, Darmstadt, 
Germany), followed by incubation at ambient tempera-
ture for 10 min. The yogurt suspension was then centri-
fuged at 4,000 × g for 30 min at 4°C. The supernatant was 
retained and filtered using a 0.45 µm syringe filter. Three 
milliliters of fluoraldehyde o-phthaldialdehyde solution 
(Thermo Fisher Scientific Inc., Rockford, IL) was thor-
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oughly mixed with 400 µL of yogurt supernatant for 5 s. 
The solution was incubated at an ambient temperature for 
2 min, and then 200 µL of the solution was transferred 
into a 96-well microtiter plate. The absorbance of the 
solution was then measured at 340 nm using a FLUOstar 
Omega plate reader (BMG Labtech, Ortenberg, Ger-
many). Ultra-pure water and OPA were used as blanks, 
whereas serine solution (0.9516 mEq/L), which was pre-
pared by dissolving 50 mg L-serine (Sigma-Aldrich) in 
500 mL of ultrapure water, was used as a standard. The 
degree of protein hydrolysis (DH%) was calculated using 
Equations 1, 2, and 3, as follows:

	 DH %( ) = ×
h
htot

100,	 [1]

where h is the number of hydrolyzed bonds and hₜoₜ is the 
total number of peptide bonds per protein equivalent, and 
it has been determined as 8.2 mEq/g for casein protein 
(Nielsen et al., 2001). In contrast, h was determined us-
ing Equation 2:

	 h =
−( )serine NH2 � �,
β

α
	 [2]

where β and α have been determined as 0.383 and 1.039 
mEq/g for casein protein, respectively (Nielsen et al., 
2001). Serine NH2 was determined using Equation 3:
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where V is the final volume makeup (L) of the sample, 
X is the weight (g) of the yogurt sample, and P is the 
protein content (%, wt/wt) of the yogurt sample. ODsample 
is optical density of yogurt supernatant + OPA at 340 nm, 
ODstandard is optical density of serine solution + ultrapure 
water at 340 nm, and ODblank is optical density of OPA or 
ultrapure water at 340 nm.

Peptide Profiling

Peptide Extraction. Peptides were extracted from yo-
gurt samples using the method described by Nielsen et al. 
(2022) with slight modifications. Briefly, 2 g of yogurt 
was aliquoted into Eppendorf tubes containing glass 
beads. The yogurt was homogenized using a genie dis-
ruptor (Scientific Industries Inc., Bohemia, NY) at 1,800 
rpm for 5 min, then centrifuged at 20,000 × g for 20 min at 
ambient temperature. The precipitation of unhydrolyzed 
proteins was done by mixing the yogurt supernatant (200 
µL) with 1,000 µL of an ice-cold mixture of acetonitrile 
(ACN; Sigma-Aldrich, St. Louis, MO) and 1% (vol/vol) 
formic acid (FA; Merck, Darmstadt, Germany) in a mix 
ratio of 100:1 (vol/vol, ACN: FA). The supernatant was 
left on ice for 30 min, after which the precipitated pro-
teins were removed by centrifugation at 10,000 × g for 30 
min at 4°C. The peptide-containing supernatant in a new 
Eppendorf tube was dried under vacuum at 1,500 rpm for 
120 min at 40°C using a GeneVac vacuum centrifuge (Sp 
Scientific, Warminster, PA). The dried peptide extract 
was redissolved in 300 µL of 0.1% trifluoroacetic acid 
(TFA; Sigma-Aldrich), then purified using Pierce Pep-
tide Desalting Spin columns (Thermo Fisher Scientific, 
Waltham, MA). Before the purification process, the col-
umns were preconditioned and washed twice with ACN 
(200 µL) and 0.1% TFA (300 µL), respectively, and cen-
trifuged at 5,000 × g for 1 min. The columns were loaded 
with the peptide extract (300 µL), then washed 3 times 
with 0.1% TFA (300 µL) and centrifuged at 3,000 × g for 
1 min. Peptides were eluted twice with a solution (300 
µL) of 50% ACN and 0.1% TFA (vol/vol, ACN: liquid 
chromatography mass spectrometry–grade water: TFA, 
50: 50: 0.1) and centrifuged at 3,000 × g for 1 min. The 
eluted peptides were vacuum dried using an Sp GeneVac 
vacuum centrifuge at 250 × g for 90 min at 40°C.

Peptide Detection Using Ultra-Performance Liquid 
Chromatography-Electrospray Ionization Quad-
rupole-Time-of-Flight Mass Spectrometry. Peptide 
detection was done using liquid chromatography-MS 
analysis of peptide extract. The analysis was performed 
at the Department of Chemistry, University of Preto-
ria  (Pretoria, South Africa), using a Waters Synapt G2 
high-definition MS system (Waters Inc., Milford, MA) 
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Table 1. Probiotic yogurts inoculated with different strains of probiotics

Probiotic yogurt   Probiotic strain

YA   Bifidobacterium animalis ssp. animalis ATCC 25527
YBif   Bifidobacterium bifidum ATCC 11863
YBre   Bifidobacterium breve ATCC 15700
YLr   Lacticaseibacillus rhamnosus ATCC 53103/GG
YGA   B. animalis ssp. animalis ATCC 25527 + L. rhamnosus ATCC 53103/GG
YGBif   B. bifidum ATCC 11863 + L. rhamnosus ATCC 53103/GG
YGBre   B. breve ATCC 15700 + L. rhamnosus ATCC 53103/GG
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comprised of Waters Acquity Ultra-Performance Liquid 
Chromatography system coupled to a quadrupole-time-
of-flight (TOF) instrument. Peptide elution and gradient 
conditions were performed as described by Nielsen et 
al. (2022). Briefly, the peptide extract solution (10 μL) 
was loaded onto a Kinetex 1.7 µm EVO C18 100 Å (2.1 
mm i.d. × 100 mm length) column. Peptide elution was 
performed with 0.1% FA in water (A) and 0.1% FA in 
100% ACN (B) at a flow rate of 250 μL/min. The gradi-
ent set at the duration of 100 min comprised of solvent 
B (3%–10%) over 3 min, solvent B (10%–40%) over 
75 min, solvent B (40%–90%) over 3 min, solvent B 
(90%) for 4 min, and solvent B (90%–3%) for over 1 
min. The gradient was then held at solvent B (3%) for 10 
min. The electrospray ionization source (positive mode) 
capillary voltage, source temperature, sampling cone 
voltage, extraction cone voltage, and cone gas (nitrogen) 
flow were set at 2.6 kV, 120°C, 30 V, 4.0 V, and 10.0 
L/h, respectively. The desolvation temperature and gas 
(nitrogen) flow were set at 300°C and 600.0 L/h, respec-
tively. The mass spectral scans collection time was set at 
0.3 s, and the data were acquired in a continuous profile 
form utilizing data-dependent acquisition (DDA) in TOF 
survey mode. The mass spectrometer was set to record 
the mass-to-charge ratios (m/z) between 100 and 2,500 
m/z. The data acquisition and processing of the system 
were performed using MassLynx (version 4.1) software 
(Waters Inc., Milford, MA).

Spectral Analysis, Peptide Identification,  
and Sequencing Targeted Peptide Identification  
by Literature and Database Search

The mass spectral data were analyzed using Skyline 
software version 24.1.0.199 (MacCoss Lab, Depart-
ment of Genome Sciences, University of Washington). 
The mass spectra were searched against a list of known 
bovine milk peptide sequences obtained from literature 
and the BSA peptide spectral library obtained from the 
National Institute of Standards and Technology data-
base (https:​/​/​chemdata​.nist​.gov/​dokuwiki/​doku​.php/​id​=​
peptidew:​lib:​bsa​_it), which was downloaded as an .msp 
format (accessed August 2024). Peptide structural modi-
fication was set at default. The peptide sequence length 
was set between 2 and 50 AA, with all matching peptides 
autoselected. For MS scan 1 filtering, isotope peaks were 
by count, and the precursor mass analyzer was set as TOF 
with a resolving power of 30,000.

For tandem MS (MS/MS) filtering, DDA was set as the 
acquisition method and TOF as the product mass analyz-
er. The retention time was set to use only the scans within 
1 min of MS/MS identifications. The instrument acqui-
sition was set between 100 and 2,500 m/z with method 
match tolerance of 0.055 m/z, whereas the ion match 

tolerance was set at 0.5 m/z picking 3 most intense ions 
matching the library. The precursor mass and product ion 
mass were set at monoisotopic, and the precursor and ion 
charges were set at +1, +2, and +3. The ion type was set at 
precursor (p) only (Dallas et al., 2016). The presence of 
peptides in the probiotic yogurt samples was confirmed 
based on the detection of precursor ions within the same 
retention time (Wölk et al., 2020), chromatogram manual 
inspection for good quality peaks, peptide ranking based 
on exact matches between the theoretically calculated 
ranking from the bovine spectral database and the actual 
MS/MS spectra, mass error ≤3 ppm (z = 3), and the iso-
tope dot-product (idotp) value ≥0.80 (Dallas et al., 2016). 
Peptides’ peak area threshold was set at 100 to exclude 
peptides within the background noise region. Peptides 
found in the AC yogurt sample were excluded in the 
fermented yogurt samples so that only peptides resulting 
from the addition of LAB cultures were identified.

De Novo Peptide Identification and Sequencing

De novo peptide sequencing was performed us-
ing Novor Cloud software, real-time peptide de novo 
sequencing online free academic license (https:​/​/​app​
.novor​.cloud/​home, accessed August 2024). The mass 
spectra were imported as mzML files, which were 
converted from the raw Waters mass spectra files using 
ProteoWizard MSconvert software version 3.0.24221 
(Chambers et al., 2012). The enzyme was set as non-
specific. The mass spectra were searched against the 
Bos taurus (cow) protein sequences imported as FASTA 
files downloaded from UniProt website (https:​/​/​www​
.uniprot​.org/​). The possible variable posttranslational 
modifications (PTM) were set to oxidation (O) and 
acetyl (N-term), while fixed PTM was set at carbami-
domethyl (C) (Gu et al., 2020). The precursor and frag-
ment error tolerances were set at 20 ppm and 0.5 Da, 
respectively (Nielsen et al., 2022). The MS2 analyzer 
was set as TOF, while the fragmentation mode was set 
as collision-induced dissociation. The false discovery 
rate was set at 1% (Nielsen et al., 2022). Peptide se-
quences obtained from Novor Cloud were further pro-
cessed using Skyline software version 24.1.0.199 for 
peak extraction and selection of high-quality peptides. 
Peptides were selected based on the quality require-
ments and Skyline filtering described under the section 
“Targeted Peptide Identification by Literature and Data-
base Search.” De novo peptide sequences were matched 
with the parent protein sequences using the Basic Local 
Alignment Search Tool for protein (Blastp; Altschul 
et al., 1997) from the National Center for Biotechnol-
ogy Information (NCBI; https:​/​/​blast​.ncbi​.nlm​.nih​.gov/​
Blast​.cgi​?PAGE​=​Proteins) against UniProtKB/Swiss-
Prot database for Bos taurus (taxid: 9913).
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Peptide Bioactivity Prediction

The peptide bioactivity was predicted by searching the 
homology between the peptide sequences confirmed in 
this study and the sequences of peptides with different 
types of bioactivities (e.g., antioxidant, antimicrobial, 
ACE-inhibitory, immunomodulatory, anticancer, anti-
anxiety, antihypertension, and more) on the online Milk 
Bioactive Peptide Database (MBPDB; Nielsen et al., 
2017, 2023). The sequence homology was set to a simi-
larity threshold of 80%. The de novo peptides with no 
sequence homology to any bioactive peptides in the MB-
PDB were further investigated for possible antimicrobial 
properties using Collection of Anti-Microbial Peptides 
(Gawde et al., 2023). Peptides with the probability score 
>0.5 based on the 2 methods with the highest prediction 
accuracy, namely, Random Forest and Support Vector 
Machine classifiers, were predicted to have antimicrobial 
activity (Nielsen et al., 2022).

Short-Chain Fatty Acid Profiling

SCFA Extraction. The SCFA were extracted from the 
yogurt samples using the method described by Chang et 
al. (2021), with modifications. Ten grams of the yogurt 
sample was centrifuged at 3,000 × g for 20 min at 4°C, 
then centrifuged again without removing the supernatant 
at 10,000 × g for 30 min at 4°C. The supernatant was 
collected and filtered through 0.45 µm syringe filters. To 
precipitate the proteins, 1 mL of the filtrate was mixed 
with 3 mL of 0.5% hydrochloric acid-ethanol solution 
(vol/vol, HCl: ethanol, 0.5: 100; Wu et al., 2023). The 
sample was then centrifuged at 10,000 × g for 30 min at 
4°C. The protein-free extract was filtered through 0.45 
µm syringe filters. The extract was stored at −20°C until 
needed for analysis.

Gas Chromatography Coupled with Mass Spectrometry 
for SCFA Analysis. The SCFA profile analysis was done 
at Stellenbosch University (Stellenbosch, South Africa) 
using a gas chromatograph (TRACE 1310, Thermo Fisher 
Scientific Inc.) equipped with automated injection and a 
polar ZB Wax (30 m, 0.25 mm ID, 0.25 µm film thickness) 
capillary column and coupled to TSQ 8000 MS/MS Triple 
Quadrupole (Thermo Fisher Scientific Inc.). Mass spectra 
conditions were set at 250°C for ionization temperature 
and 50 µA for emission current. Argon was used as colli-
sion gas. The SCFA extract (2 mL) was mixed by vortexing 
with 250 µL concentrated sulfuric acid and 2 mL diethyl 
ether. Before a 30 min sonication, the sample was diluted 
in 2.5 parts of ultrapure water. This was then followed by 
a liquid-liquid extraction. The top organic layer (200 µL) 
was transferred into a 2 mL GC vial containing an inert. 
One microliter (1 µL) of the extraction liquid was injected 
into the GC-MS/MS in splitless mode.

Statistical Analysis

The ANOVA at 0.05 significance level was used to 
determine the effect of different probiotics as monopro-
biotic species and mixed-probiotic species on the SCFA 
production and the degree of proteolysis in different yo-
gurt samples. Analysis was done using GraphPad Prism 
version 9.0 (GraphPad Software, San Diego, CA). The 
analyses were conducted in duplicate for SCFA and in 6 
replicates for the degree of proteolysis.

RESULTS

Degree of Proteolysis in Different Yogurt Samples

As expected, fermentation with yogurt starter cultures 
and the incorporation of probiotics led to a higher (P < 
0.0001) degree of proteolysis in SC, Bifidobacterium 
animalis ssp. animalis ATCC 25527 (YA), Bifidobacte-
rium bifidum ATCC 11863 (YBif), Bifidobacterium breve 
ATCC 15700 (YBre), B. animalis ssp. animalis ATCC 
25527 + L. rhamnosus ATCC 53103/GG (YGA), B. bifi-
dum ATCC 11863 + L. rhamnosus ATCC 53103/GG (YG-
Bif), and B. breve ATCC 15700 + L. rhamnosus ATCC 
53103/GG (YGBre) than in the AC yogurt (Figure 1). 

The degree of proteolysis was enhanced by the addition 
of the individual probiotic strains but was suppressed by 
the addition of combinations of L. rhamnosus GG with B. 
bifidum ATCC 11863 and B. animalis ssp. animalis ATCC 
25527. The degree of proteolysis was lower in YGA (P 
< 0.05) and YGBif (P < 0.0001) compared with YA and 
YBif, incorporating only Bifidobacterium spp. Proteoly-
sis was enhanced the most (P < 0.05) by L. rhamnosus 
GG and B. bifidum ATCC 11863 compared with the other 
probiotic yogurts (Figure 1). The degree of proteolysis 
pattern from the highest to the lowest was as follows: L. 
rhamnosus ATCC 53103/GG (YLr) > YBif > YA > YBre 
> YGBre > SC > YGA > YGBif > AC (Figure 1).

Peptide Profiles of Different Yogurt Samples

Figure 2 shows the total number of identified known, 
de novo, and unique peptides in yogurt samples. There 
was a total of 202 peptides identified in all the yogurt 
samples, of which 116 were identified as known peptides 
from literature or databases, whereas 86 of these were 
identified as de novo peptides (Figure 2). The total num-
ber of peptides was high in yogurt samples incorporat-
ing individual strains of L. rhamnosus GG (32) and B. 
bifidum ATCC 11863 (35) and in yogurt incorporating 
the combination of the 2 strains (34) compared with other 
yogurt samples, whereas the total number of peptides was 
low in yogurt samples incorporating individual strains 
of B. animalis ssp. animalis ATCC 25527 (24) and B. 

Marole et al.: PROBIOTIC YOGURT BIOACTIVE METABOLITE PROFILING



3263

Journal of Dairy Science Vol. 109 No. 4, 2026

breve ATCC 15700 (27). Yogurt samples containing the 
combination of B. animalis ssp. animalis ATCC 25527 
and B. breve ATCC 15700 with L. rhamnosus GG yielded 
much lower total numbers of peptides, 12 and 15, respec-
tively. The pattern of unique or specific peptides (i.e., 
peptides, either known or de novo, found exclusively in 
the specific yogurt) for the probiotic yogurts was as fol-
lows: YGA (83.3%) > YA (75.0%) > YBre (74.1%) > YLr 
(71.9%) > YGBif (70.6%) > AC (70.0%) > YBif (62.9%) 
> YGBre (46.7%) > SC (46.2%).

Figure 3 shows the number of peptides produced 
per milk protein type, namely, αs1-CN, αs2-CN, β-CN, 
κ-CN, α-LA, BSA, and other proteins in different yogurt 
samples. Noncasein proteins accounted for the highest 
proportion (42.6%) of all the peptides identified across 
the yogurt samples, followed by the casein proteins, 
namely, β-CN (15.8%), αS1-CN (9.4%), αS2-CN (7.9%), 
and κ-CN (5.4%), which accounted for 38.5%. Whereas 
whey proteins, namely, BSA (18.3%) and α-LA (0.5%), 
accounted for 18.8%. Compared with AC, both probi-

otic and starter cultures produced peptides from more 
than 5 protein types (Figure 3). Among the casein and 
whey proteins, β-CN–derived peptides were present in 
all the yogurt samples.

Table 2 shows the de novo short-chain peptides from 
noncasein proteins in different probiotic yogurts. Protein 
sequence alignment and de novo sequencing showed that 
short-chain novel peptides with AA sequences ranging 
from 4 to 6 are present in all the yogurt samples in dif-
ferent abundance (as indicated by the normalized peak 
area). These short-chain peptides could be released 
from various noncasein proteins such as serum amyloid 
P-component, adhesion G protein-coupled receptor L3, 
serine β-lactamase-like protein LACTB, thyroglobulin, 
albumin, desmosomal glycoprotein 1, and others (as in-
dicated by protein accession number in Table 2).

Predicted Bioactivities of Peptides in Yogurts 
Incorporating L. rhamnosus GG  
and Bifidobacterium Species

Figure 4 shows the predicted bioactivities of peptides 
in different yogurt samples. There were 83 predicted 
bioactive peptides across all the yogurt samples (data 
not shown). Yogurt samples incorporating B. bifidum 
ATCC 11863 showed the highest number of bioactive 
peptides, YGBif (17) and YBif (15), followed by L. 
rhamnosus GG-incorporating yogurt, YLr (12), whereas 
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Figure 1. The total number of identified targeted and de novo 
peptides in yogurt samples and number of unique or specific peptides 
(i.e., peptides, either known or de novo, found exclusively in the spe-
cific yogurt) between the samples. YA = Bifidobacterium animalis ssp. 
animalis ATCC 25527, YBif = Bifidobacterium bifidum ATCC 11863, 
YBre = Bifidobacterium breve ATCC 15700, YLr = Lacticaseibacillus 
rhamnosus ATCC 53103/GG, YGA = B. animalis ssp. animalis ATCC 
25527 + L. rhamnosus ATCC 53103/GG, YGBif = B. bifidum ATCC 
11863 + L. rhamnosus ATCC 53103/GG, and YGBre = B. breve ATCC 
15700 + L. rhamnosus ATCC 53103/GG. AC = milk acidified with lactic 
acid (0.7%–0.9%) to pH 4.5, and SC = Streptococcus thermophilus and 
Lactobacillus delbrueckii ssp. bulgaricus. The analyses were conducted 
in 6 replicates (n = 6). Data are presented as mean values ± SD. Mean 
values not sharing the same letter (a–h) were considered significantly 
different at P < 0.05.

Figure 2. The total number of identified targeted and de novo peptides 
in yogurt samples and number of unique or specific peptides between 
the samples. YA = Bifidobacterium animalis ssp. animalis ATCC 25527, 
YBif = Bifidobacterium bifidum ATCC 11863, YBre = Bifidobacterium 
breve ATCC 15700, YLr = Lacticaseibacillus rhamnosus ATCC 53103/
GG, YGA = B. animalis ssp. animalis ATCC 25527 + L. rhamnosus 
ATCC 53103/GG, YGBif = B. bifidum ATCC 11863 + L. rhamnosus 
ATCC 53103/GG, and YGBre = B. breve ATCC 15700 + L. rhamnosus 
ATCC 53103/GG. AC = milk acidified with lactic acid (0.7%–0.9%) to 
pH 4.5, and SC = Streptococcus thermophilus and Lactobacillus del-
brueckii ssp. bulgaricus.
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the number of bioactive peptides was lower in yogurt in-
corporating B. animalis ssp. animalis ATCC 25527 and 
B. breve ATCC 15700 either as monoprobiotic cultures, 
YA (8) and YBre (8), or as cocultures with L. rhamno-
sus, YGA (7) and YGBre (5), respectively. Expectedly, 
the control yogurt SC (6) and AC (5) also contained low 
numbers of bioactive peptides. All the yogurt samples 
contained ACE-inhibitory peptides, apart from YGA 
and AC. Antimicrobial peptides were present in all 
the samples (Figure 4). However, the profiles of other 
bioactive peptides were different between the yogurts. 
The ACE-inhibitory peptides were the most abundant 
among the bioactive peptides identified, followed by 
antimicrobial peptides (Figure 4). The incorporation 
of cocultures of L. rhamnosus GG and Bifidobacterium 
spp. resulted in lower concentrations of bioactive pep-
tides in mixed-probiotic species yogurts compared with 
in monoprobiotic-species yogurts.

Peptides from yogurt incorporating B. bifidum ATCC 
11863 exhibited more bioactivities compared with 
peptides from other yogurt samples (Figure 4). Among 
the bioactivities found in YBif and YGBif, anticancer 
property was common to both samples. There were 3 
anticancer peptides in YBif yogurt, namely LYQEPVL-
GPVRGPFPI, YQEPVLGPVRGPFPII, and LLYQEPV-
LGPVRGPFP (Sah et al., 2016). In addition, these 
β-CN–derived bioactive peptides had other different 
predicted potential bioactivities, such as ACE-inhibitory, 
antimicrobial, immunomodulatory, antithrombotic, and 
anticancer (data not shown), whereas YGBif contained 

1 anticancer peptide, namely SLPQNIPPLTQTPVVVP-
PFLQ (Sah et al., 2016). However, it is worth noting that 
the abundance of these anticancer peptides based on peak 
area (Figure 4) was low compared with ACE-inhibitory 
and antimicrobial peptides in the same samples.

De Novo Peptides with Predicted Antimicrobial 
Properties in Different Yogurt Samples

Table 3 shows the AA sequence and molecular mass 
of de novo peptides with predicted antimicrobial activi-
ties from different yogurt samples. The sequences of the 
peptides ranged from 4 to 6 AA, whereas the observed 
mass and m/z ranged from 509.3194 to 735.4287 Da or 
m/z, or both. There were 4 de novo peptides with pre-
dicted antimicrobial properties in yogurt containing B. 
animalis ssp. animalis ATCC 25527 and B. breve ATCC 
15700 monocultures (YA and YBre). These peptides were 
also identified in the yogurt sample produced with the 
combination of L. rhamnosus GG and B. bifidum ATCC 
11863 (YGBif). The predicted antimicrobial peptides had 
a 100% similarity to peptide sequences in the UniProt 
and Swiss databases. Yogurt samples containing the 
monocultures of YBif and YLr had 3 de novo peptides, 
whereas the yogurt with L. rhamnosus GG and B. breve 
ATCC 15700 combinations had no de novo peptides with 
predicted antimicrobial properties. Control samples AC 
and SC, as well as YGA (containing L. rhamnosus GG 
and B. animalis ssp. animalis ATCC 25527), had 2 de 
novo peptides with predicted antimicrobial properties.

The most abundant de novo peptide with predicted an-
timicrobial properties was LLLDYV in YBre with a peak 
area of 5,378.9, followed by QLLLLK (2,331.6) in YG-
Bif, KTRHL (1,469.5) in YBif, and VLLHK (1,195.4) in 
YGBif. Furthermore, as shown by the protein accession 
number in Table 3, there were different novel peptides in 
the probiotic yogurts originating from noncasein proteins 
such as coagulation factor XII (serum glycoprotein), 
phosphatidylinositol 4,5-bisphosphate phosphodiester-
ase gamma-1, DNA replication complex GINS protein 
PSF1, tyrosine-protein kinase, F-actin-monooxygenase 
MICAL 1 and 2, synaptophysin, vacuolar protein sorting-
associated protein 16 homolog, and cadherin-3.

SCFA Production in Yogurt Samples Incorporating 
LAB and Probiotics

Figures 5A–5D show the concentration of SCFA in 
different probiotic yogurts. The amount of acetic acid 
was significantly higher (P < 0.05) in yogurt incorporat-
ing L. rhamnosus GG as monoprobiotic culture (YLr). 
It was also significantly higher (P < 0.05) in yogurt 
samples incorporating B. animalis ssp. animalis ATCC 
25527 as either a monoculture (YA) or in coculture with 
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Figure 3. Number of peptides per milk protein type, namely, αs1-CN, 
αs2-CN, β-CN, κ-CN, α-LA, BSA, and other proteins in different yogurt 
samples. YA = Bifidobacterium animalis ssp. animalis ATCC 25527, 
YBif = Bifidobacterium bifidum ATCC 11863, YBre = Bifidobacterium 
breve ATCC 15700, YLr = Lacticaseibacillus rhamnosus ATCC 53103/
GG, YGA = B. animalis ssp. animalis ATCC 25527 + L. rhamnosus 
ATCC 53103/GG, YGBif = B. bifidum ATCC 11863 + L. rhamnosus 
ATCC 53103/GG, and YGBre = B. breve ATCC 15700 + L. rhamnosus 
ATCC 53103/GG. AC = milk acidified with lactic acid (0.7%–0.9%) to 
pH 4.5, and SC = Streptococcus thermophilus and Lactobacillus del-
brueckii ssp. bulgaricus.
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Table 2. De novo peptides from noncasein proteins in different probiotic yogurts identified using NCBI Basic Local Alignment Search Tool (BLAST)1

No.  
De novo 
peptide sequence  

Protein 
(accession number)

Number of 
AA

Position within 
the protein

Normalized 
peak area

  Probiotic 
yogurt

1 TSLLLF   P00745.1 6 2–7 462.86 AC
2 SSFFK   Q2TBN1.1 5 234–238 280.57 AC
3 YLVL   O18964.2 4 77–80 4,520.90 AC
4 MGFVK   Q58DW5.3 5 1–5 642.78 SC
5 PGGR   F1MKX4.1 4 15–18 699.93 SC
6 PPGPG   P98167.2 5 3,967–3,971 1,893.00 SC
7 LLVY   Q3T004.1 4 189–192 3,203.30 SC
8 QPLA   P83095.2 4 88–91 160.47 YA
9 LLVY   Q3T004.1 4 189–192 7,692.40 YA
10 VPPS   Q8WN96.1 4 434–437 383.48 YA
11 PPEQ   P01267.1 4 776–779 102.70 YA
12 KKHA   Q29397.1 4 23–26 112.44 YA
13 SVPP   Q8WN96.1 4 433–436 383.48 YA
14 ELLL   A6QQ47.1 4 255–258 139.58 YBif
15 LLSAQ   Q2KJ51.1 5 20–24 945.81 YBif
16 GPGR   Q28019.2 4 508–511 251.23 YBif
17 LLPPLA   O77667.1 6 51–56 193.00 YBif
18 LLGPP   Q0VC16.2 5 13–17 245.87 YBif
19 LLVVSF   A7MB46.1 6 16–21 657.56 YBif
20 LLVY   Q3T004.1 4 189–192 1,061.80 YBif
21 QSPL   P00735.2 4 207–210 382.34 YBif
22 KAHK   Q28107.1 4 105–108 467.47 YBif
23 SGDD   Q05B65.1 4 280–283 532.70 YBif
24 RPGG   Q05B51.2 4 26–29 251.23 YBif
25 QPKR   P10731.2 4 376–379 193.72 YBre
26 AACR   Q03763.1 4 56–59 285.50 YBre
27 QLSP   P98167.2 4 1,129–1,132 105.06 YBre
28 QLPS   Q8MJ05.1 4 20–23 105.06 YBre
29 FKAKK   Q08DU9.1 5 551–555 873.88 YBre
30 KLLVPG   Q3T0M0.1 6 28–33 1,332.90 YBre
31 MMML   P10861.3 4 258–261 1,426.10 YBre
32 ELLK   P02769.4 4 554–557 541.51 YBre
33 PHPA   Q9GLM4.2 4 721–724 910.12 YBre
34 LLGSL   A0A3Q1N1R0.1 5 659–663 304.50 YLr
35 LEKL   F1MKX4.1 4 1,540–1,543 304.50 YLr
36 LLYV   O97827.1 4 443–446 3,670.30 YLr
37 LLSAQ   Q2KJ51.1 5 20–24 677.62 YLr
38 TVAVL   P29473.3 5 958–962 304.50 YLr
39 STKS   Q9TTK4.1 4 2,829–2,832 333.12 YLr
40 GAWLL   P81264.1 5 5–9 251.26 YLr
41 FVVL   P28800.2 4 299–302 210.80 YLr
42 KHKA   Q3MHI7.1 4 73–76 155.49 YLr
43 LLPL   P98167.2 4 4,517–4,520 117.57 YGA
44 LYVL   O97831.1 4 325–328 1,626.70 YGA
45 LLGVPK   A4IF87.1 6 297–302 1186.40 YGBif
46 GHGK   E1BEQ5.1 4 930–933 121.55 YGBif
47 QGRSG   A7Z056.1 5 299–303 429.98 YGBif
48 MMML   P10861.3 4 258–261 1,442.00 YGBif
49 YLVL   O18964.2 4 77–80 2,723.90 YGBif
50 YGGK   E1B7L7.1 4 188–191 1,969.60 YGBif
51 QSPL   P00735.2 4 207–210 261.40 YGBif
52 AAPL   Q71SP7.1 4 2,278–2,281 585.18 YGBif
53 GPPPG   A7XYH9.1 5 435–439 1,969.60 YGBif
54 VYLL   P10731.2 4 507–510 2,723.90 YGBif
55 GYGK   Q10569.1 4 507–510 1,969.60 YGBif
56 GAVAC   A6QPF8.1 5 143–147 274.96 YGBre
57 VYLL   P10731.2 4 507–510 731.82 YGBre
58 GMFVK   Q2HJE4.1 5 121–125 932.19 YGBre
59 LGQC   Q28181.1 4 141–144 274.96 YGBre
60 LDYD   Q01107.1 4 637–640 1,312.40 YGBre
61 SGDD   Q05B65.1 4 280–283 956.11 YGBre
1YA = Bifidobacterium animalis ssp. animalis ATCC 25527, YBif = Bifidobacterium bifidum ATCC 11863, YBre = Bifidobacterium breve ATCC 
15700, YLr = Lacticaseibacillus rhamnosus ATCC 53103/GG, YGA = B. animalis ssp. animalis ATCC 25527 + L. rhamnosus ATCC 53103/GG, 
YGBif = B. bifidum ATCC 11863 + L. rhamnosus ATCC 53103/GG, and YGBre = B. breve ATCC 15700 + L. rhamnosus ATCC 53103/GG. AC = milk 
acidified with lactic acid (0.7%–0.9%) to pH 4.5, and SC = Streptococcus thermophilus and Lactobacillus delbrueckii ssp. bulgaricus.
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YGA than in all the yogurt samples (Figure 5A). The 
influence of probiotics on acetic acid content seemed to 
be strain specific. Yogurt samples incorporating B. bifi-
dum ATCC 11863 and B. breve ATCC 15700 as mono-
probiotic cultures in YBif and YBre and in cocultures, 
YGBif and YGBre, respectively, contained significantly 
lower acetic acid content compared with the control yo-
gurt (SC). Noteworthy, there was no significant differ-
ence (P > 0.05) in propionic acid concentration between 
fermented yogurts (Figure 5B). Whereas AC showed 
significantly (P < 0.05) higher propionic acid content 
than fermented yogurts. A similar pattern was observed 
for butyric acid (Figure 5C) and valeric acid (Figure 
5D). There was no significant difference in the butyric 
acid concentrations between yogurts containing mono-
cultures of L. rhamnosus GG, B. breve ATCC 15700, 
B. bifidum ATCC 11863, and B. animalis ssp. animalis 
ATCC 25527, as well as in SC and YGA. However, the 
combination of L. rhamnosus GG with B. breve ATCC 
15700 and B. bifidum ATCC 11863 suppressed the pro-
duction of butyric acid in YGBre (P < 0.05) and YGBif 
(P > 0.05), respectively.

Iso-butyric acid, iso-valeric acid, and valeric acid were 
not detected in all the yogurt samples, although valeric 
acid was present in the acidified yogurt (Figure 5D).

DISCUSSION

This study hypothesized that the incorporation of L. 
rhamnosus GG and Bifidobacterium spp., as singular or 
in combination into yogurt, will improve the degree of 
proteolysis and the diversity of generated peptides and 
increase biofunctional properties of the peptides and 
SCFA. The high degree of proteolysis in yogurt incorpo-
rating L. rhamnosus GG could be attributed to a possible 
proto-cooperative interaction between L. rhamnosus GG 
and S. thermophilus as well as the additional proteolytic 
activity of L. rhamnosus GG CEP. The L. rhamnosus is 
one of the few probiotic LAB with CEP, namely, PrtR (Gu 
et al., 2020; Harper et al., 2022), thus, when cocultured 
with S. thermophilus in milk, the proteolysis of milk pro-
teins increases (Sebastián-Nicolas et al., 2021). During 
the fermentation, PrtR hydrolyzes caseins into peptides, 
whereas S. thermophilus, through its intracellular pepti-
dases, further hydrolyzes the peptides to obtain the AA 
required for its initial growth (Sebastián-Nicolas et al., 
2021; Olvera-Rosales et al., 2023a). In contrast, S. ther-
mophilus breaks down lactose through its β-galactosidase 
activity to make available galactose, which L. rhamnosus 
uses through the Leloir and tagatose-6-phosphate (T-6-P) 
pathways (Wu and Shah, 2017; Hu et al., 2024). Further-
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Table 3. De novo peptides with predicted antimicrobial properties produced from noncasein proteins in different yogurt samples1

No.   Protein 
accession number

  De novo 
peptide sequence

Observed 
mass (Da)

Charge Mass-to-charge 
ratio (m/z)

Normalized 
peak area

  Probiotic 
yogurts

1 Q5E9N3.1   KRLYQ 707.4199 1 707.4199 396.87 AC
2 P08487.1   LRFVV 633.4083 1 633.4083 150.87 AC
3 A4IFH4.1   NRYKK 708.4151 1 708.4151 313.04 SC
4 Q5EA40.1   PHKK 509.3194 1 509.3194 122.39 SC
5 Q5EA40.1   PHKK 509.3194 1 509.3194 486.42 YA
6 P79114   SYRR 581.3154 1 581.3154 623.53 YA
7 Q06807   KVVW 531.3289 1 531.3289 418.26 YA
8 Q29W19   SRYR 581.3154 1 581.3154 623.53 YA
9 Q5EA40.1   PHKK 509.3194 1 509.3194 193.38 YBif
10 Q08E13   KQKQ 531.3249 1 531.3249 383.34 YBif
11 O97593   KTRHL 654.4046 1 654.4046 1,469.5 YBif
13 Q5EA40.1   PHKK 509.3194 1 509.3194 522.62 YBre
14 Q3MHP0.1   LLKYF 683.4127 2 342.2100 497.92 YBre
15 Q08DG7.1   MKYKK 697.4065 1 697.4065 117.82 YBre
16 P34955   LLLDYV 735.4287 1 735.4287 5,378.9 YBre
17 P46282.1   LLLHK 623.4239 1 623.4239 307.54 YLr
18 Q3SX23.1   PMRR 559.3133 1 559.3133 241.08 YLr
19 Q8HYW0.1   PRMR 559.3133 1 559.3133 241.08 YLr
20 Q9GK68.1   LLKHL 623.4239 1 623.4239 363.66 YGA
22 Q3SYS6.1   FVKVL 605.4021 1 605.4021 234.82 YGA
23 Q5E9L7.1   LLHLK 623.4239 1 623.4239 418.41 YGBif
24 Q8WN96.1   VLLHK 609.4083 1 609.4083 1,195.4 YGBif
25 F1MH07.1   QLLLLK 727.5076 1 727.5076 2,331.6 YGBif
26 Q9GK68.1   LLKHL 623.4239 1 623.4239 418.41 YGBif
1Peptides showed 100% hit to minor proteins present in the yogurt samples using NCBI Basic Local Alignment Search Tool (BLAST). Some of the de 
novo short-chain peptide sequences are present in more than one minor protein found in milk or yogurt. YA = Bifidobacterium animalis ssp. animalis 
ATCC 25527, YBif = Bifidobacterium bifidum ATCC 11863, YBre = Bifidobacterium breve ATCC 15700, YLr = Lacticaseibacillus rhamnosus ATCC 
53103/GG, YGA = B. animalis ssp. animalis ATCC 25527 + L. rhamnosus ATCC 53103/GG, YGBif = B. bifidum ATCC 11863 + L. rhamnosus ATCC 
53103/GG. AC = milk acidified with lactic acid (0.7%–0.9%) to pH 4.5, and SC = Streptococcus thermophilus and Lactobacillus delbrueckii ssp. 
bulgaricus.
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more, the presence of PrtR in L. rhamnosus GG could 
be the contributing factor in the differences between 
the degree of proteolysis and peptide production in YLr 
and other probiotic yogurts incorporating B. animalis 
ssp. animalis ATCC 25527 and B. breve ATCC 15700 
monocultures. Unlike L. rhamnosus and other lactoba-
cilli, bifidobacteria lack CEP and thus cannot use milk 
proteins directly, hence, they depend on peptides and AA 
as their nitrogen sources (Zhang et al., 2020; Cui et al., 
2022). This could explain the lower proteolytic activity 
and number of peptides in probiotic yogurts incorporat-
ing either B. breve ATCC 15700 or B. animalis ssp. ani-
malis ATCC 25527 compared with one incorporating L. 
rhamnosus GG. Notwithstanding the general lack of CEP 
in Bifidobacterium spp., the higher proteolysis in yogurt 
incorporating B. bifidum ATCC 11863 was noteworthy. 
This may result from the specificity of intracellular 
peptidases influencing peptide yield (Jin et al., 2016). 
Despite lack of CEP, Bifidobacterium spp. possess the 
peptide transport systems and intracellular peptidases, 
which vary among species and strains (Cui et al., 2022). 
For example, Cui et al. (2022) reported the absence of 
dipeptide permease (Dpp) genes in B. bifidum CCFM 16, 
whereas the Dpp-related genes (DppA, DppB, and DppC) 
were present in B. longum CCFM 760 and B. brevis 
AH-WH-9M5. This shows the varying abilities of pep-
tide metabolism in Bifidobacterium spp. During peptide 
metabolism by Bifidobacterium spp., some of the intra-
cellular peptides are metabolized to meet the nutritional 
requirements. The unused peptides are then secreted out 
of the cell into the medium (or yogurt; Olvera-Rosales et 
al., 2023b). Hence, different peptide profiles and degrees 
of proteolysis in the Bifidobacterium spp. yogurts.

Several possible mechanisms could explain the nega-
tive interaction between probiotics in yogurts incorpo-
rating the cocultures of L. rhamnosus GG and Bifido-
bacterium spp. For example, in LAB, the CEP activity 
is subject to regulatory control by CodY, a pleiotropic 
transcriptional repressor of many genes, including the prt 
gene (Sadat-Mekmene et al., 2011; Galia et al., 2016; Hu 
et al., 2021). As a pleiotropic transcriptional regulator, 
CodY is central to bacterial adaptation to conditions of 
low nutrient availability. It is a general repressor protein 
that controls both carbon and nitrogen metabolism in 
gram-positive bacteria (Lu et al., 2015). The addition of 
L. rhamnosus GG and Bifidobacterium spp. cocultures 
possibly increases the demand for nutrients in the milk 
more than what would happen with monocultures. An 
increase in nutritional competition possibly triggers a 
CodY-dependent repression of prt genes. In addition, it 
is likely that some of the AA and peptides resulting from 
the activity of intracellular peptidases of Bifidobacterium 
spp. were secreted into the yogurt and consequently taken 
up by L. rhamnosus GG. The intracellular accumulation 

of some of these AA and peptides in L. rhamnosus GG 
may have activated CodY expression, hence repression 
of prt expression. For example, the intracellular accumu-
lation of AA such as isoleucine, leucine, and valine pro-
motes CodY binding to the DNA, resulting in repression 
of proteolytic gene transcription (Kieliszek et al., 2021).

Moreover, Gu et al. (2020) showed that probiotic co-
cultures result in a high number of total cleavage sites as 
well as unique cleavage sites on milk caseins. The find-
ings of Gu et al. (2020) agree with the findings of this 
study for yogurts incorporating monoprobiotic species, 
where the number of unique peptides was higher than in 
the control samples. However, in mixed-probiotic spe-
cies yogurts, different findings from those of Gu et al. 
(2020) were found, as possible CEP repression by CodY 
was observed in mixed-probiotic species yogurts (YGA 
and YGBre), resulting in a low number of unique pep-
tides. Furthermore, the low substrate specificity in AC 
compared with probiotic yogurts is in agreement with 
the findings of Gu et al. (2020). The authors attributed 
the increased number of cleavage sites to the specificity 
of LAB CEP on a wide range of substrates (proteins) in 
mixed-probiotic species yogurt.

The presence of peptides derived from minor proteins 
in milk, fermented kefir milk, and yogurt has been re-
ported in previous studies (Dallas et al., 2016; Ma et al., 
2021; Nielsen et al., 2022). In particular, Ma et al. (2021) 
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Figure 4. Relative abundance based on peptide peak area of peptides 
with predicted bioactivity in different yogurt samples (AC, SC, YA, 
YBif, YBre, YLr, YGA, YGBif, and YGBre). YA = Bifidobacterium 
animalis ssp. animalis ATCC 25527, YBif = Bifidobacterium bifidum 
ATCC 11863, YBre = Bifidobacterium breve ATCC 15700, YLr = 
Lacticaseibacillus rhamnosus ATCC 53103/GG, YGA = B. animalis ssp. 
animalis ATCC 25527 + L. rhamnosus ATCC 53103/GG, YGBif = B. 
bifidum ATCC 11863 + L. rhamnosus ATCC 53103/GG, and YGBre = B. 
breve ATCC 15700 + L. rhamnosus ATCC 53103/GG. AC = milk acidi-
fied with lactic acid (0.7%–0.9%) to pH 4.5, and SC = Streptococcus 
thermophilus and Lactobacillus delbrueckii ssp. bulgaricus.



Journal of Dairy Science Vol. 109 No. 4, 2026

3268

showed that bovine milk serum contains peptides derived 
from several minor serum proteins, which are present in 
milk in low abundance, such as amyloid A, glycosyl-
ation-dependent cell adhesion molecule 1 (GlyCAM-1), 
lactoperoxidase, lactotransferrin, and butyrophilin sub-
family 1 member A1. Nielsen et al. (2022) also reported 
the presence of peptides in yogurt from noncasein milk 
proteins such as GlyCAM-1, osteopontin, and polymeric 
Ig receptor in yogurt, although in lower relative quanti-
ties. Contrary to other studies that have shown that pro-
biotic proteolytic systems have more affinity to casein 
proteins and produce more peptides from these major 
milk proteins (Gu et al., 2020; Begunova et al., 2021), the 
probiotic species used in this study generated relatively 
less peptides from caseins. Although noncasein proteins 
are expected to generate less peptides due to their resis-
tance to LAB proteolytic hydrolysis, these proteins still 
contribute to peptide profile of fermented products such 
as kefir milk (Dallas et al., 2016).

Furthermore, the low numbers of short peptides in 
YBif and YLr compared with other probiotic yogurts 
could be attributed to the preferential uptake of peptides 
of different lengths. For example, a previous study has 
shown that B. bifidum CCFM 16 PTS has a high affinity 

for short peptides with AA ranging from 2 to 9 and had 
a peptide transport limit of 14 AA (Cui et al., 2022). At 
the same time, B. longum CCFM 760 and B. brevis AH-
WH-9M5 could transport peptides with up to 20 AA (Cui 
et al., 2022). This may also apply to B. bifidum ATCC 
11863 and L. rhamnosus GG, which likely prefer short-
chain peptides as a nitrogen source and consequently 
release longer-chain peptides into the yogurt. Dallas et 
al. (2016) also attributed the disappearance of long-chain 
peptides in kefir milk to the CEP activity and PTS of 
Lactobacillus spp. This shows that the specificities of the 
CEP and the type of PTS of probiotics, as well as their 
peptide preferential uptake, determine peptide profiles 
and structure in yogurt.

Three peptides, namely LYQEPVLGPVRGPFPI, 
YQEPVLGPVRGPFPII, and LLYQEPVLGPVRGPFP, 
derived from β-CN in YBif yogurt had sequences with 
>80% similarities to the bioactive peptides described in 
previous studies (Coste et al., 1992; Yamamoto et al., 
1994; Birkemo et al., 2009; Rojas-Ronquillo et al., 2012; 
Sah et al., 2016). Jin et al. (2016) showed that YQEPVLG-
PVRGPFPII is one of the yogurt peptides that can survive 
gastrointestinal digestion. During an in vitro study by Sah 
et al. (2016), anticancer peptides inhibited the prolifera-
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Figure 5. Concentrations of SCFA, namely acetic acid (A), propionic acid (B), butyric acid (C), and valeric acid (D), in different probiotic yogurt 
formulations (AC, SC, YA, YBif, YBre, YLr, YGA, YGBif, and YGBre). Data represent mean values ± SD (n = 2). Mean values not sharing the 
same letter (a–f) were considered significantly different at P < 0.05; nd = not detected. YA = Bifidobacterium animalis ssp. animalis ATCC 25527, 
YBif = Bifidobacterium bifidum ATCC 11863, YBre = Bifidobacterium breve ATCC 15700, YLr = Lacticaseibacillus rhamnosus ATCC 53103/GG, 
YGA = B. animalis ssp. animalis ATCC 25527 + L. rhamnosus ATCC 53103/GG, YGBif = B. bifidum ATCC 11863 + L. rhamnosus ATCC 53103/
GG, and YGBre = B. breve ATCC 15700 + L. rhamnosus ATCC 53103/GG. AC = milk acidified with lactic acid (0.7%–0.9%) to pH 4.5, and SC = 
Streptococcus thermophilus and Lactobacillus delbrueckii ssp. bulgaricus.
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tion of cancer cells by initiating apoptosis through activa-
tion of multiple caspases and cell cycle arrest.

Among the bioactive peptides, ACE-inhibitory and 
antimicrobial peptides were the most commonly pre-
dicted bioactivities in yogurt and milk-based products 
(Jin et al., 2016; Gu et al., 2020; Begunova et al., 2021; 
Nielsen et al., 2022). In concordance with the previous 
studies, ACE-inhibitory peptides are present in all the 
yogurts and were further enhanced by the addition of 
B. bifidum ATCC 11863 in this study. Jin et al. (2016) 
further showed that ACE-inhibitory and DPP-IV inhibi-
tory properties of yogurt peptides are improved during 
gastrointestinal digestion. The inhibition of both ACE 
and DPP-IV has an important therapeutic benefit, as it 
is associated with blood pressure reduction (Quirόs et 
al., 2005; Nielsen et al., 2017). Two of the peptides, 
namely, GPFPIIV and NIPPLTQT from β-CN in YGBif, 
are potential ACE and DPP-IV inhibitory peptides, as 
they showed >80% sequence similarity to the bioactive 
peptide described in previous studies (Gobbetti et al., 
2000; Quirόs et al., 2005; Nongonierma and FitzGerald, 
2016; Zhang et al., 2016).

In addition, one of the bioactive peptides (ARHPH-
PHLSF) in YGBif yogurt incorporating L. rhamnosus GG 
and B. bifidum ATCC 11863 combination showed >80% 
sequence similarity to the peptide reported to possess 
osteoanabolic properties during an in vitro study employ-
ing osteoblast differentiation model (Reddi et al., 2018). 
The authors reported improved osteoblast differentiation, 
which resulted from the peptides’ ability to upregulate 
the expression of osteoblast differentiation marker genes 
(Reddi et al., 2018). The antianxiety peptide, namely, 
LGYLEQLL from the αS1-CN in YLr yogurt, showed 
>80% sequence homology to the antianxiety peptide re-
ported by Wada and Lönnerdala (2015).

Compared with the reported molar ratio of SCFA in the 
intestine, which is 3:1:1 of acetate to propionate to butyr-
ate (Canfora et al., 2015), the molar ratio of acetic acid in 
this study was over 39 times more than that of propionic 
acid and butyric acid in all yogurt samples incorporating 
LAB species. A previous study investigating an in vitro 
fermentation of dietary fiber by different probiotic spe-
cies also reported higher production of acetate than pro-
pionate and butyrate, of which the levels of the latter 2 
SCFA were comparable (Fernando et al., 2018). A similar 
pattern of propionate and butyrate production in probi-
otic yogurts was observed in this study. A previous study 
showed that L. rhamnosus GG, Bacillus coagulans ATCC 
7050, and B. breve DSM 16604 could produce acetic acid 
but not propionic acid and butyric acid in brain heart infu-
sion agar supplemented with glucose and AA (Calvigioni 
et al., 2023). Similarly, another study further showed that 
Bifidobacterium spp. can metabolize glucose and lactose 
and produce mainly acetic acid, lactic acid, and formic 

acid but lack the mechanism to produce propionic acid 
and butyric acid (Ruiz-Aceituno et al., 2020).

Bifidobacteria ferment hexose sugars via the “bifid 
shunt” pathway, which uses fructose-6-phosphoketolase 
enzyme to produce mainly acetate and lactate and some 
formate (Pokusaeva et al., 2011). In lactobacilli, hex-
oses are fermented via the glycolytic pathway, wherein 
pyruvate is used as the precursor for the production of 
propionate, butyrate, and acetate (Pessione, 2012; Jung 
and Park, 2023). Hence, acetic acid, propionic acid, and 
butyric acid in this study are possibly produced by the 
yogurt starters, whereas Bifidobacterium spp. and L. 
rhamnosus GG further produced acetic acid. The find-
ings of this study further show that the SCFA production 
trend in probiotic yogurt incorporating L. rhamnosus GG 
and Bifidobacterium spp. resembles that of the gut in 
humans. Generally, acetate is the primary fermentation 
product of most gut microbiota, and its concentration in 
the gut lumen is mainly higher than that of other SCFA 
(Louis and Flint, 2017; Martin-Gallausiaux et al., 2021). 
On the contrary, propionate and butyrate are produced 
by certain specific species of bacteria (Louis and Flint, 
2017; Martin-Gallausiaux et al., 2021). Yogurts incor-
porating B. bifidum ATCC 11863 and B. breve ATCC 
15700 have low acetic acid levels compared with yogurts 
incorporating B. animalis ssp. animalis ATCC 25527 
and L. rhamnosus GG. This could be due to differences 
in carbon source preference, metabolic efficiency, and 
competition between the LAB cultures. A previous study 
showed that Bifidobacterium spp., namely, Bifidobacte-
rium longum NCIMB 8809 and B. breve UCC 2003, pro-
duce different levels of acetic acid between them when 
grown on either glucose, galactose, or maltose as carbon 
sources (Ruiz-Aceituno et al., 2020).

In addition, the absence of branched-chain SCFA, 
namely, iso-butyric and iso-valeric acids, in all the pro-
biotic yogurts in this study could be a good indication of 
good yogurt fermentation. However, generally, the pro-
duction of branched-chain SCFA is low compared with 
SCFA, as the latter is the primary byproduct of dietary 
fiber or polysaccharide fermentation, whereas the former 
can only be produced from protein breakdown upon de-
pletion of dietary fiber (Martin-Gallausiaux et al., 2021). 
In the intestine, branched-chain SCFA are produced from 
the fermentation of branched-chain AA such as valine, 
leucine, and iso-leucine (Rios-Covian et al., 2020). The 
high production of iso-butyric and iso-valeric acids indi-
cates bad fermentation, which could be associated with 
strong odor (Markowiak-Kopeć and Śliżewska, 2020).

In general, this study showed that the incorporation of 
L. rhamnosus GG and B. animalis ssp. animalis ATCC 
25527 in yogurt as either monoprobiotic cultures or 
cocultures improves the total SCFA, producing mainly 
acetic acid. Previous in vitro and yogurt intervention 
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studies have shown that SCFA (acetate, butyrate, and 
propionate) from yogurt can promote and protect gut 
health by improving the abundance of good gut mi-
crobiome, mucus secretion, and inhibition of pathogen 
proliferation (Chang et al., 2021; Chen et al., 2024). 
Furthermore, butyrate and propionate play an important 
role in cancer therapy, as they are associated with the in-
hibition of enzymes such as histone deacetylases, which 
play a key role in cancer cell proliferation (Yoon and 
Eom, 2016; Han et al., 2018; Kibbie et al., 2021; Kim, 
2021). Hence, probiotic yogurts in this study, particularly 
the ones incorporating L. rhamnosus GG and B. animalis 
ssp. animalis ATCC 25227, could have various potential 
therapeutic benefits.

CONCLUSIONS

This study highlights the bioactive metabolite profiles 
of probiotic yogurts incorporating Bifidobacterium spp. 
and L. rhamnosus GG. The profiles of bioactive peptides 
and SCFA are influenced by the probiotic species or 
strain incorporated into yogurt. Bifidobacterium bifidum 
ATCC 11863 contributes more bioactive peptides either 
as a monoprobiotic culture or in cocultures with L. rham-
nosus GG in yogurt compared with other Bifidobacterium 
spp. On the contrary, B. animalis ssp. animalis ATCC 
25527 enhances acetic acid content in yogurt either as a 
monoprobiotic culture or in cocultures with L. rhamno-
sus GG. This study further shows that minor milk serum 
proteins contribute novel short peptides with potential 
antimicrobial properties in yogurt. Therefore, informed 
selection of probiotic strains to be incorporated in yo-
gurt is vital for enhanced functionality. This information 
could be used by the dairy and probiotic industries for 
the development of novel functional yogurt for health-
oriented consumers. The utilization of other peptidomic 
techniques, such as targeted approaches, can further 
provide additional information on peptide profiles of 
probiotic combinations used in this study.
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Nonstandard abbreviations used: AC = milk acidi-
fied with lactic acid (0.7%–0.9%) to pH 4.5; ACE = 
angiotensin-converting-enzyme; ACN = acetonitrile; 
B = 100% ACN, 0.1% FA; CEP = cell envelope pro-
teinases; DDA = data-dependent acquisition; DPP-IV = 
dipeptidyl peptidase IV; FA = formic acid; LAB = lactic 

acid bacteria; MBPDB = Milk Bioactive Peptide Data-
base; MS/MS = tandem MS; m/z = mass-to-charge ratio; 
NCBI = National Center for Biotechnology Information; 
OPA = o-phthaldialdehyde; PTM = posttranslational 
modifications; PTS = peptide transport system; SC = 
normal yogurt; SCFA = short-chain fatty acids; TFA = 
trifluoroacetic acid; TOF = time-of-flight; YA = Bifido-
bacterium animalis ssp. animalis ATCC 25527; YBif = 
Bifidobacterium bifidum ATCC 11863; YBre = Bifido-
bacterium breve ATCC 15700; YGA = B. animalis ssp. 
animalis ATCC 25527 + L. rhamnosus ATCC 53103/
GG; YGBif = B. bifidum ATCC 11863 + L. rhamnosus 
ATCC 53103/GG; YGBre = B. breve ATCC 15700 + L. 
rhamnosus ATCC 53103/GG; YLr = Lacticaseibacillus 
rhamnosus ATCC 53103/GG.
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