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Abstract 

 

Bovine milk is composed of milk proteins, with two major groups, caseins and whey proteins. 

One type of casein, β-casein, comes predominately in two genetic forms, known as β-caseins 

A2 and A1. The difference between these two variants appeared due to a single nucleotide 

polymorphism on the sixth chromosome of the CSN2 gene (essential for coding of β-casein) 

with the inclusion of either proline in β-casein A2 or histidine in β-casein A1 at position 67 in 

the peptide chain. There has been significant attention on the health implications of consuming 

milk containing β-casein A1, everything from links to detrimental health issues, none of which 

have been fully substantiated, but nevertheless, it has created a drive in some markets towards 

promoting A2/A2 milk. However, the fact that milk is now segregated for certain markets based 

on β-casein phenotype means that from a milk functionality perspective, there may be 

implications on product functionality.  

While the aim of the study is not focused on answering the health question, it is intended to 

address the issue of diversifying of β-casein as a function of cow genotypes and various 

processing conditions commonly applied in the dairy industry. The outcomes shed new light 

on discovering the effects of protein phenotype and gene polymorphism on protein structure 

and chemical composition, and consequently on the conformational, functional, and in vitro 

digestion properties of milk and dairy products with known β-casein phenotype. Therefore, the 

aim of this study is to assist and provide knowledge to the dairy industry on the possible impacts 

of changing national milk pools to the β-casein A2 variant. To improve our understanding of 

the structural and functional properties of casein, milk, and dairy products and how they are 

influenced by various processing parameters, A1/A1, A1/A2 and A2/A2 samples were studied 

simultaneously by utilising in-situ spectroscopic techniques, such as Fourier Transform 

Infrared, Nuclear Magnetic Resonance and Raman spectroscopy, supported by numerous 

physicochemical, imaging, chromatographic techniques and analysis and in vitro digestion 

patterns.  

The developed method successfully distinguished between temperature and pH in unheated 

and heat-treated β-casein A2 and A1 milk groups, revealing that a minimum of 50 % of all 

structural variation between the milk samples could be attributed to the β-casein variant. From 

a technological perspective, it was found that A1/A1 and A1/A2 milks had significantly 

different heat coagulation properties to A2/A2 milk, which was less heat stable. Differences 

were also observed between β-casein variants in acid- and rennet-induced gels, as well as, their 
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counterpart products, i.e., yoghurt and cheese, respectively. It was found that the onset of 

gelation was faster in A1/A1 and A1/A2 milks compared to those from A2/A2 milk. Several 

reasons may account for the differences in these milks processability, including greater level 

of polyproline II helixes, larger casein micelle size, and lower total calcium, κ-casein amounts 

in A2/A2 samples compared to A1/A1 and A1/A2 samples that were comprised mainly of α-

helical motifs. 

Although the greater gel strength observed in A1/A1 and A1/A2 milks may positively affect 

the techno-functional characteristics of yoghurt or cheese, it may also alter the curd formation 

properties during the gastric phase of digestion. Interestingly, the gastric digestion of these 

milks and dairy products showed significant differences with faster gastric digestion occurring 

in A1/A1 and A1/A2 samples compared to A2/A2 milk. This work suggests that the gastric 

transit of dairy products carrying β-casein A1 is more rapid, compared to A2/A2 samples and 

may have impacts in terms of product digestibility. 

This study has clearly identified that milk and dairy products with β-casein A2 and A1 variants 

are quite different, based on their structure, functionality, and behaviour to environmental 

factors. Overall, the findings from this project to date, have revealed significant implications if 

there was an initiative to change the national dairy herds to the A2/A2 phenotype, specifically 

impacting dairy processors and their products. However, there are both advantages and 

disadvantages to using A2/A2 milk only and must be assessed on an individual basis by the 

dairy companies.  
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Chapter 4.   

Figure 1. Reverse phase-HPLC chromatograms of skim milk containing either the A1/A1, 

A1/A2, or A2/A2 β-CN genetic variant. 

Figure 2. A) Second derivative spectra of Amide I region of milk samples. Averaged spectra 

of ten repeated measurements on the subsamples from batches of milk. B) Principal Component 

Analysis score plot of milk samples in the 1700 cm-1 - 1600 cm-1 region. C) Principal 

Component Analysis loading plot of milk samples in the 1700 cm-1 - 1600 cm-1 region. 

Figure 3. A) Second derivative spectra of Amide I region of micellar CN samples. Averaged 

spectra of ten repeated measurements on the subsamples from batches of micellar CN. B) 

Principal Component Analysis score plot of micellar CN samples in the 1700 cm-1 - 1600 cm-

1 region. C) Principal Component Analysis loading plot of micellar CN samples in the 1700 

cm-1 - 1600 cm-1 region. 

Figure 4. A) 1H-NMR spectrum of milk samples. Averaged spectra of ten repeated 

measurements on the subsamples from batches of milk. B) Principal Component Analysis score 

plot of milk samples obtained by the 1 H-NMR spectrum. C) Figure 3 c. Principal Component 

Analysis loading plot of milk samples obtained by the 1 H-NMR spectrum. 

Figure 5. A) 1H-NMR spectrum of micellar CN samples. Averaged spectra of ten repeated 

measurements on the subsamples from batches of micellar CN. B) Principal Component 

Analysis score plot of micellar CN samples obtained by the 1 H-NMR spectrum. C) Principal 

Component Analysis loading plot of micellar CN samples obtained by the 1 H-NMR spectrum. 

 

Chapter 5.  

Figure 1. A) Reverse phase-HPLC chromatographic profiles for identification of different β-

CN milk samples. 1. Standard solutions containing β-CN; 2. A1/A1 β-CN milk; 3. A2/A2 β-

CN milk; 4. A1/A2 β-CN milk. B) Reverse phase-HPLC chromatogram of A1/A1, A1/A2, and 

A2/A2 β-CN untreated and heat-treated milk samples. C) Reverse phase-HPLC chromatogram 

of A1/A1, A1/A2, and A2/A2 β-CN untreated and heat-treated serum samples.  

Figure 2. SDS-PAGE electropherograms of skim milk and supernatants. The proteins were 

resolved under non-reducing (A1/A1 β-CN: A [A1: milk and A2: serum]; A1/A2 β-CN: C [C1: 

milk and C2: serum]; A2/A2 β-CN: E [E1: milk and E2: serum]) or reducing (A1/A1 β-CN: B 
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[B1: milk and B2: serum]; A1/A2 β-CN: D [D1: milk and D2: serum]; A2/A2 β-CN: F [F1: 

milk and F2: serum]) conditions. 1. Aggregates; 2. Immunoglobulins and bovine serum 

albumin; 3. αs2-casein; 4. αs1-casein; 5. β-casein; 6. κ-casein; 7. β-Lactoglobulin; 8. α-

Lactalbumin. 

Figure 3. A) Second derivative spectra of Amide I region of milk samples. B) Scatter plot of 

the PCA scores of FTIR spectra of milk samples. C) The plot of the PCA loadings of FTIR 

spectra of milk samples. 

Figure 4. A) 1H-NMR spectra of milk samples. B) Scatter plot of the PCA scores of 1H-NMR 

spectra of milk samples. C) The plot of the PCA loadings of 1H-NMR spectra of milk samples. 

 

Chapter 6.  

Figure 1. Schematic illustration showing the general approach of sample selection and analysis.  

Figure 2. RP-HPLC chromatographic profiles used for identification of different β-CN milk 

samples.  

Figure 3. A) Second derivative spectra of Amide I region of milk samples. B) Scatter plot of 

the PCA scores of FTIR spectra of milk samples. C) The plot of the PCA loadings of FTIR 

spectra of milk samples. 

Figure 4. A) PLS-DA analysis of FTIR spectra from cows of A1/A1, A1/A2, A1/I, A2, A2/I, 

and I/I β-CN genotype, R2=0.595, Q2=0.42. B) Permutation test p ≤ 5 · 10-4 for PLS-DA model 

for different β-CN milk samples. C) Variable importance in projection plot demonstrating 

important features for observed separation in PLS-DA. 

 

Chapter 7.  

Figure 1. A) Second derivative spectra of Amide I region of NaCN dispersions. B) Scatter plot 

of the PCA scores of FTIR spectra of NaCN dispersions (the shaded areas are a guide, and their 

positioning is manual). D) The plot of the PCA loadings of FTIR spectra of NaCN dispersions.  

Figure 2. A) 1H NMR spectra of NaCN dispersions. B) Scatter plot of the PCA scores of 1H 

NMR spectra of NaCN dispersions (the shaded areas are a guide, and their positioning is 

manual). C) The plot of the PCA loadings of 1H NMR spectra of NaCN dispersions. 
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Figure 3. A) Second derivative spectra of Amide I region of the adsorbed layer of NaCN 

emulsions. B) Scatter plot of the PCA scores of FTIR spectra of the adsorbed layer of NaCN 

emulsions (the shaded areas are a guide, and their positioning is manual). D) The plot of the 

PCA loadings of FTIR spectra of the adsorbed layer of NaCN emulsions. 

Figure 4. A) 1H NMR spectra of the adsorbed layer of NaCN emulsions. B) Scatter plot of the 

PCA scores of 1H NMR spectra of the adsorbed layer of NaCN emulsions (the shaded areas 

are a guide, and their positioning is manual). C) The plot of the PCA loadings of 1H NMR 

spectra of the adsorbed layer of NaCN emulsions. 

 

Chapter 8.  

Figure 1. A) Elastic modulus (G’) as a function of pH during acidification with GDL at 42 °C 

of A1/A1 (blue), A1/A2 (green), and A2/A2 (purple) milks. B) Damping factor (tan δ) as a 

function of pH during the acidification with GDL at 42 °C of A1/A1 (blue), A1/A2 (green), 

and A2/A2 (purple) milks. Values are the means of data from triplicate analyses.  

Figure 2. A) Elastic modulus (G’) A1/A1 (blue), A1/A2 (green), and A2/A2 (purple) milks 

obtained from small strain oscillation frequency sweep of the gels. B) Apparent viscosity as a 

function of shear rate for A1/A1 (blue), A1/A2 (green), and A2/A2 (purple) gels. Values are 

the means of data from triplicate analyses.  

Figure 3. A) Second derivative spectra of Amide I region of milk samples. B) Second derivative 

spectra of Amide I region of gel samples. C) Scatter plot of the PCA scores of FTIR spectra of 

gel samples. D) The plot of the PCA loadings of FTIR spectra of gel samples. 

Figure 4. Representative scanning electron micrographs of A1/A1 (A: blue), A1/A2 (B: green), 

and A2/A2 (C: purple) gels. Bar scale = 15 μm. 

 

Chapter 9. 

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 

flow diagram for eliminated and included search literature. 

Figure 2. Suggested disadvantageous health effects of specific β-CN genetic variants and 

BCM7 from bovine milk assessed in this study. 
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Figure 3 a. Risk of bias assessment for the included human studies (Traffic Light Plot): Risk 

of bias for randomised controlled trials (Cochare risk of bias tool). 1. Random sequence 

generation (selection bias); 2. Allocation concealment (selection bias); 3. Blinding of 

participant and personnel (performance bias); 4. Binding of outcome assessment (detection 

bias); 5. Incomplete bias; 6. Selective reporting (reporting bias); 7. Other bias (McGuinness 

& Higgins, 2020). Namely, the "[+]: unpredictable data", "[-]: predictable data", and "[x]: some 

concerns regarding the data" tabulates the judgement for each study in each domain. This 

presents every risk of bias judgement level in a matrix, with domains along the horizontal and 

results/studies down the vertical, similar to the data set (McGuinness & Higgins, 2020). 

Figure 3 b. Risk of bias assessment for the included animal studies (Traffic Light Plot): Risk 

of bias for randomised controlled trials (Cochare risk of bias tool). 1. Random sequence 

generation (selection bias); 2. Allocation concealment (selection bias); 3. Blinding of 

participant and personnel (performance bias); 4. Binding of outcome assessment (detection 

bias); 5. Incomplete bias; 6. Selective reporting (reporting bias); 7. Other bias (McGuinness 

& Higgins, 2020). Namely, the "[+]: unpredictable data", "[-]: predictable data", and "[x]: some 

concerns regarding the data" tabulates the judgement for each study in each domain. This 

presents every risk of bias judgement level in a matrix, with domains along the horizontal and 

results/studies down the vertical, similar to the data set (McGuinness & Higgins, 2020). 

Figure 4 a. Risk of bias assessment for the included human studies (Weighted Summary Plot): 

Risk of bias for randomised controlled trials (Cochare risk of bias tool). 1. Random sequence 

generation (selection bias): "Low = 63.31 %", "Unclear = 20.86 %", and "High = 15.83 %";   

2. Allocation concealment (selection bias): "Low = 52.52 %", "Unclear = 42.08 %", and "High 

= 5.40 %"; 3. Blinding of participant and personnel (performance bias): "Low = 57.91 %", 

"Unclear = 36.69 %", and "High = 5.40 %"; 4. Binding of outcome assessment (detection bias): 

"Low = 37.05 %", "Unclear = 63.31 %", and "High = N/A"; 5. Incomplete bias: "Low = 94.96 

%", "Unclear = 5.04 %", and "High = N/A"; 6. Selective reporting (reporting bias): "Low = 

63.31 %", "Unclear = 36.69 %", and "High = N/A"; 7. Other bias: "Low = 15.83 %", "Unclear 

= 73.74 %", and "High = 10.43 %" (McGuinness & Higgins, 2020). 

Figure 4 b. Risk of bias assessment for the included animal studies (Weighted Summary Plot): 

Risk of bias for randomised controlled trials (Cochare risk of bias tool). 1. Random sequence 

generation (selection bias): "Low = 82.98 %", "Unclear = N/A", and "High = 17.02 %";   2. 

Allocation concealment (selection bias): "Low = 82.98 %", "Unclear = 17.02 %", and "High = 
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N/A"; 3. Blinding of participant and personnel (performance bias): "Low = 82.98 %", 

"Unclear = 17.02 %", and "High = N/A"; 4. Binding of outcome assessment (detection bias): 

"Low = 82.98 %", "Unclear = 17.02 %", and "High = N/A"; 5. Incomplete bias: "Low = 100 

%", "Unclear = N/A", and "High = N/A"; 6. Selective reporting (reporting bias): "Low = 100 

%", "Unclear = N/A %", and "High = N/A"; 7. Other bias: "Low = 17.02 %", "Unclear = 82.98 

%", and "High = N/A" (McGuinness & Higgins, 2020). 

Figure 5. Possible mechanism of in vivo digestion and absorption of β-CN and BCM7 (if 

liberated) from A1 β-CN and A2 β-CN genetic variants of bovine milk. Can an intact BCM7 

cross the intestine/blood barrier and be transferred to other internal organs? 

 

Chapter 10. 

Figure 1. Schematic illustration showing the general approach of sample selection and analysis; 

* GE 1, 2, 3, and 4 resreseting the gastric empting points at 5.30, 10.80, 16.00, and 21.76 min, 

respectively. ** PCA (Principal Component Analysis).  

Figure 2. A) RP-HPLC chromatographic profiles used for identification of different milk 

samples (1 = κ-casein A/A; 2 = αs2-casein A/A; 3 = αs1-casein B/B; 4 = β-casein [genetic 

variant indicated in the figure]; 5 = α-lactalbumin; 6 = β-lactoglobulin A/B). B) Representative 

SEM micrographs of SMPs, scale bars represent 10 µm. C) Particle size distribution of SMPs. 

D) pH-heat coagulation time profiles at 140 °C for the SMPs reconstituted to 3.5 % (w/w) 

protein. Data shown are average values of data from three collections. Error bars represent 

standard deviation. 

Figure 3. A) Averaged of three second derivative spectra of Amide I region of SMPs depicted 

by FTIR. B) Scatter plot of the PCA scores of the second derivative FTIR spectra of SMPs. C) 

Averaged of three second derivative spectra of Amide I region of SMPs depicted by Raman D) 

Scatter plot of the PCA scores of second derivative Raman spectra of SMPs. 

Figure 4. A) Change in pH of reconstituted skim milk samples during gastric digestion. B) 

SDS-PAGE patterns under reducing conditions of oral and GE 1 - 4 phases obtained during the 

gastric digestion at different times. Line 1: Molecular marker; Lane 2: Skim milk; Lane 3: Oral 

phase; Lanes 4 - 7: GE 1 - GE 4; Lane 8: Dried clot after GE 4; BSA (Bovine Serum Albumin); 

Igs (Immunoglobulins); β-Lg (β-lactoglobulin), α-lactalbumin (α-La), * Pepsin. C) Acid-base 

buffering curves of undigested reconstituted milk samples.  
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Figure 5. A) CLMS micrographs of the clots obtained during the gastric digestion of 

reconstituted milks at different times, scale bars represent 25 µm. B) Images of wet clots 

formed during the gastric digestion 45 g of reconstituted samples obtained at GE 4 (final gastric 

phase). C) Representative SEM micrographs of GE 4 phase (scale bars represent 200 µm), 

including their calcium content. *** Statistical significance p < 0.001.   

Figure 6. Second derivative spectra and scatter plot of the PCA scores of Amide I region of 

oral and GE 1 - 4 phases of the reconstituted milk samples depicted by FTIR.  

 

Chapter 11. 

Figure 1. A) RP-HPLC chromatographic profiles used for identification of different milk 

samples (1 = κ-casein A/A; 2 = αs2-casein A/A; 3 = αs1-casein B/B; 4 = β-casein [genetic 

variant indicated in the figure, A1/A1 = blue star, A1/A2 = green square, and A2/A2 = purple 

triangle]; 5 = α-lactalbumin; 6 = β-lactoglobulin A/B). B) Representative CLSM and SEM 

micrographs of yoghurts, scale bars represent 25 µm and 20 µm, respectively. C) Storage 

modulus (G’) as a function of time during fermentation with yoghurt starter culture at 42 °C of 

A1/A1 (blue star), A1/A2 (green square), and A2/A2 (purple triangle) milks. D) Storage 

modulus (G’) of A1/A1 (blue star), A1/A2 (green square), and A2/A2 (purple triangle) milks 

obtained from small strain oscillation frequency sweep of the yoghurts. Data shown are average 

values of data from three collections. Error bars represent standard deviation. 

Figure 2. A) Averaged of three second derivative spectra of Amide I region of yoghurts 

depicted by FTIR. B) Averaged of three second derivative spectra of Amide I region of 

yoghurts depicted by Raman. A1/A1 (blue star), A1/A2 (green square), and A2/A2 (purple 

triangle).  

Figure 3. A) Change in pH of the yoghurts during gastric digestion B) CLMS micrographs of 

the clots obtained during the gastric digestion of yoghurts at different times, scale bars represent 

25 µm. A1/A1 (blue star), A1/A2 (green square), and A2/A2 (purple triangle). Data shown are 

average values of data from three collections. Error bars represent standard deviation. 

Figure 4. SDS-PAGE patterns under reducing conditions of oral and GE 1 - 4 phases obtained 

during the gastric digestion at different times. BSA (Bovine Serum Albumin); Igs 

(Immunoglobulins); β-Lg (β-lactoglobulin), α-lactalbumin (α-La). A1/A1 (blue star), A1/A2 

(green square), and A2/A2 (purple triangle). 
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Chapter 12. 

Figure 1. A) RP-HPLC chromatographic profiles used for identification of different milk 

samples (1 = κ-casein A/A; 2 = αs2-casein A/A; 3 = αs1-casein B/B; 4 = β-casein [A1/A1, 

A1/A2, and A2/A2]; 5 = α-lactalbumin; 6 = β-lactoglobulin A/B). B) Elastic modulus (G’) as 

a function of time during coagulation of cheese milks. C) Loss tangent (tan δ) as a function of 

time during coagulation of cheese milks. Control (orange hexagon), A1/A1 (blue star), A1/A2 

(green square), and A2/A2 (purple triangle) cheese milks. Data shown are average values of 

data from three collections. Error bars represent standard deviation. 

Figure 2. Cheese texture: A) hardness; B) fractuability; C) springiness; D) chewiness; E) 

cohesiveness at different ripening times. Control Cheddar cheese (orange Hexagon); A1/A1 

Cheddar cheese (blue star); A1/A2 Cheddar cheese (green square); A2/A2 Cheddar cheese 

(purple triangle). Error bars represent standard deviation. 

Figure 3. A) SEM and B) CLSM micrographs of Cheddar-type cheeses during ripening times. 

Control Cheddar cheese (orange Hexagon); A1/A1 Cheddar cheese (blue star); A1/A2 Cheddar 

cheese (green square); A2/A2 Cheddar cheese (purple triangle). Scale bar for SEM is 100 μm 

(magnification = 200 X) and for CLSM is 75 μm. 

Figure 4. A) Change in pH of the Cheddar cheese during gastric digestion. Error bars represent 

standard deviation. B) CLMS micrographs of the clots obtained during the gastric digestion of 

cheeses at different times, scale bars represent 250 µm. Control Cheddar cheese (orange 

Hexagon); A1/A1 Cheddar cheese (blue star); A1/A2 Cheddar cheese (green square); A2/A2 

Cheddar cheese (purple triangle).  

Figure 5. SDS-PAGE patterns under reducing conditions of oral and GE 1 - 4 phases obtained 

during the gastric digestion of Cheddar cheeses at different times. BSA (Bovine Serum 

Albumin); Igs (Immunoglobulins); β-Lg (β-lactoglobulin), α-lactalbumin (α-La). Control 

Cheddar cheese (orange Hexagon); A1/A1 Cheddar cheese (blue star); A1/A2 Cheddar cheese 

(green square); A2/A2 Cheddar cheese (purple triangle). 

 

Chapter 13.   

Figure 1. A flow chart outlining the article search and inclusion process. 

Figure 2. The chemical structure of the bovine β-casomorphins (BCMs) included in this study. 
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Figure 3. Overview and flow diagram of the static and semi-dynamic in vitro and ex vivo 

digestion procedures proposed by COST INFOGEST. SSF (Simulated Salivary Fluid), SGF 

(Simulated Gastric Fluid), and SIF (Simulated Intestinal Fluid). Adapted in part from Asledottir 

et al. (2017); Asledottir et al. (2018); Brodkorb et al. (2019); Minekus et al. (2014); Mulet-

Cabero et al. (2020a). 

Figure 4. A schematic model of possible scenarios in which gut microbiota-produced DPP-4, 

membrane-bound DPP-4 (enterocytes) and serum DPP-4 (endothelial cells) might influence 

human health during proteolysis of β-casomorphins. 

Figure 5. Transport and bioactivity β-casomorphins. The blood-gut-brain axis and β-

casomorphins (BCMs) liberation and transport. Transient receptor potential cation channel 

subfamily V member 1 (TRPV1); Dipeptydil peptidase - 4 (DPP-4); Myeloperoxidase (MPO); 

Potassium (K+), Calcium (Ca2+), Sodium (Na2+) channels; Adenylyl cyclase (AC); Adenosine 

triphosphate (ATP); Cyclic adenosine monophosphate (cAMP); Nuclear Factor NF-κB (NF-

kB); Protein kinase A (PKA); G-protein coupled receptors (GPCRs: α, β, and γ subunits); 

Peptide transporters (PEPT1). Adapted in part from Kodukula and Zeng (2018); Listos et al. 

(2019); Tyagi et al. (2020). 

 

Chapter 14. Not applicable   
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List of Abbreviations 

 

AA = Amino acid 

α = Alpha 

α-La = α-Lactalbumin 

β = Beta 

β-CN = β-casein 

β-Lg = β-Lactoglobulin 

BCM = β-casomorphin 

˚C = Degree Celsius 

CCP = Colloidal calcium phosphate 

CN = Casein 

CN micelle = Casein micelle 

CLSM = Confocal Laser Scanning Microscopy 

FAA = Free amino acids 

FTIR = Fourier Transform Infrared Spectroscopy 

GI = Gastrointestinal 

GIT = Gastrointestinal tract 

GE = Gastric empting  

h = Hour 

His = Histidine 

κ = kappa 

MCP = Micellar calcium phosphate 

N = Nitrogen 

NaCN = sodium caseinate 
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nM = Nanometre  

NPN = Non protein nitrogen 

NMR = Nuclear Magnetic Resonance Spectroscopy  

PAGE = Polyacrylamide Gel Electrophoresis 

Pro = Proline 

SA = Serum albumin 

SSF = Simulated saliva fluid 

SGF = Simulated gastric fluid 

SDS = Sodium Dodecyl Sulphate 

SEM = Scanning Electron Microscopy 

TEM = Transmission Electron Microscopy 

min = Minute 

mL = Millilitre 

mM = Millimolar 

MPa = Mega pascal 

MW = Molecular weight 

V = Volts 

v/v = Volume per volume 

w/w = Weight per weight 

W = Watt 
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Introduction to the thesis. Chapter 1. 
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1.1. Background 

Bovine milk is an excellent source of nutrients, containing relatively high levels of proteins, 

lipids, carbohydrates, and minor components, such as minerals and vitamins, making it widely 

used in human nutrition (McSweeney & Fox, 2013). Milk protein can be mainly divided in two 

fractions, caseins, and whey proteins, present at a ratio of approximately 80:20 in mature 

bovine milk. The casein group of proteins can be further classified in four different types, 

namely αs1-, αs2-, β-, and κ-caseins, in a ratio of 4:1:4:1, respectively (Bijl, Holland, & Boland, 

2020). Approximately 40 % of the total casein and one third of the total protein content in 

bovine milk is β-casein. However, β-casein can be further sub-divided according to the changes 

in its amino acid composition, which is encoded by the CSN2 gene on the chromosome 6 of 

the polypeptide chain of β-casein (Aschaffenburg, 1961). Based on the amino acid substitution 

arising from the cleavage site in the polypeptide chain, twelve to seventeen different genetic 

variants of β-casein exist, with variants A1 (histidine67) and A2 (proline67) being the most 

abundant in modern cattle, which frequency depends on cow genetics (Daniloski, McCarthy, 

Huppertz, & Vasiljevic, 2022). The distinction between these two forms is a mutation in the 

amino acid polypeptide chain at position 67 (Daniloski, Markoska, McCarthy, & Vasiljevic, 

2023). Despite the mixture of many other major and minor proteins, macro- and micro-

molecules, when the milk carries a homozygous β-casein A1, it is called A1/A1 milk; A2/A2 

milk is comprised of β-casein A2; and the mixture of both proteins, normally refers to A1/A2 

or conventional milk (Daniloski et al., 2022).  

Although nearly identical proteins, the difference of one amino acid in their structure, has 

opened a scientific debate, questioning if conventional bulk milk is "Friend" or "Foe". In the 

early years of the 21st century, an agricultural scientist, Professor Keith Woodford, postulated 

that the production methods had little to do with the health outcome of milk and dairy products 

(Woodford, 2009). Nevertheless, the study claimed that the presence of β-casein A1 in 

conventional milk is the issue of many non-communicable diseases, including cardiovascular, 

neurological disorders, diabetes, to name a few (Woodford, 2009). Therefore, during the last 

decade, there has been significant interest and research on the health implications of consuming 

conventional versus A2/A2 milks (Deth, Clarke, Ni, & Trivedi, 2015; Ho, Woodford, 

Kukuljan, & Pal, 2014; Jianqin et al., 2016; Milan et al., 2020). In this regard, a recent 

systematic review, concluded that a link between β-casein (A1 or A2) and human health could 

not be established, but did not rule out either (Daniloski et al., 2021); in agreement with past 

reports from the European and the New Zealand Food Safety Authorities (De Noni et al., 2009; 
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Swinburn, 2004). Since the above-mentioned studies have focused on the effects of β-casein 

A1 and A2 on animal and human health using in vitro, ex vivo, and in vivo trials, less focus was 

directed towards structural and techno-functional properties of β-casein phenotypes on dairy 

products. Therefore, the main purpose of this thesis is to address and establish the dairy matrix 

affected by the casein genotype that will directly or indirectly influence the composition and 

quality of milk and dairy commodities and products. 

 

1.2. Research aims and objectives  

The primary aim of this study was to address a gap in knowledge by creating the links between 

a type of milk carrying either β-caseins A1/A1, A1/A2 or A2/A2, their structural and techno-

functional properties, and consequently in vitro gastric digestion patterns on these 

commodities. 

 

The specific objectives were:  

- Determination of conformational and functional differences among casein micelles with 

specific β-caseins. Particularly, spectral and nuclear magnetic methods were employed to 

provide a quantitative assessment and differentiate between phenotypes that were consequently 

linked to their physicochemical functionalities. 

- Developing a novel and rapid method to identify milk samples based on their β-casein genetic 

profile. Structural, physical, and chemical properties of A1/A1, A1/A2, and A2/A2 milks 

treated under different conditions (pH and temperature) were established, milk ingredients 

were produced, and the properties of acid and rennet gels manufactured from the above-

mentioned milks were evaluated.  

- Quantification and determination of the effects of β-casein phenotype on dairy product 

manufacture. Three different types of products were assessed including liquid milk, fermented 

dairy products (yoghurt and cheese) and milk powders. 

- The fate of A1/A1, A1/A2, and A2/A2 dairy products upon semi-dynamic in vitro gastric 

digestion was established.   
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1.3. Thesis outline  

The thesis is organised in fourteen chapters sub-divided into four sections: Review of the 

literature; Main findings: Part I; Main findings: Part II; and Future aspects of the study. Chapter 

1 presents the introduction of the thesis, including, study background, aims, objectives, and 

outline of the thesis. Chapter 2 outlines the critical review of the literature that relates to the 

study with focus on the core research findings and fundamental concepts. Chapters 3 to 8 

provide information of the structural transition and physicochemical properties of the casein 

micelle, milk, milk ingredients, and milk gels examined and obtained under defined conditions. 

In Chapters 9 to 12, the impact of β-casein phenotype on the physical properties of skim milk 

powders, yoghurts, and cheeses was examined, including their subsequent gastric digestion 

characteristics. The penultimate Chapter 13, for the first time in the literature, reveals the 

gastrointestinal and the blood serum pathway of a liberated group of peptides from A1/A1, 

A1/A2, or A2/A2 dairy products, known as β-casomorphins, which gives an indication of our 

future work in the field. Notably, Chapters 9 and 13 are systematic and comprehensive review 

papers, respectively. The final Chapter 14 provides conclusions of the entire work performed 

in this project and scope for future research. 

Let me now explain the reason behind the decision to choose these important objectives to be 

part of the thesis. Milk and milk goods are manufactured under various conditions (temperature 

and pH control or introduction of additives) in the dairy industry in order to produce safe and 

nutritious food with a long shelf life. Moreover, these processing conditions are important not 

only for the reduction of bacterial growth in milk but also for the stabilisation of milk proteins 

(Deeth, 2022; McMahon & Sharma, 2022; McSweeney & Fox, 2013; Singh & Li, 2022). The 

current research helped uncover critical areas in milk quality that research had not yet 

investigated. Those areas established the differences in traits of importance to milk processing, 

including the production of dairy commodities from bovine milk with different β-casein 

phenotypes. Consequently, a new theory on the structure-functionality of caseins, milk and 

dairy products was revealed. Finally, none of the previous studies have linked the effect of the 

dairy matrices of milk and dairy products carrying various β-casein phenotypes on their gastric 

digestion under in vitro digestion conditions. It was essential to be clarified, to what extent the 

structure of the dairy products, but also the processing technologies mentioned here, 

contributed to the altered gastric digestibility of either A1/A1, A1/A2, or A2/A2 milks and 

dairy commodities. Also, it provided information to primary milk producers, and the 
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subsequent consequences to dairy processors, if a change to A2/A2 milk ever occurred in the 

national dairy herd.  

The expected benefits and disadvantages were adequately and realistically described in terms 

of scientific and industry impact.  
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1. Bovine milk composition  

Bovine milk, commonly known as cow's milk, is a nutritious fluid produced by the mammary 

glands. It is composed of water, fat, protein, lactose, and mineral compounds, but also some 

minor components, such as organic acids, enzymes, and a range of vitamins, making milk a 

complete source of highly valuable nutrients for the calf (McSweeney & Fox, 2013). The 

composition of milk varies between individual animals, breeds, seasons, feed, stages of 

lactation and animal’s health (O’Mahony & Fox, 2014). The composition of cows’ milk is 

important for the dairy industry, affecting its nutritive value as well as its processability. Milk 

structure is particularly dependent on the existence of colloidal lipids in the form of fat globules 

(fat droplets stabilised by mixture of lipoproteins and bilayer structures), protein in the form of 

casein micelles, sterically stabilised by κ-casein, and whey proteins as oligomers (Fox, 2008). 

 

Table 1. General bovine milk composition (Goulding, Fox, & O’Mahony, 2020). 

 

1.1. Water  

Most of the milk's composition is water (~ 87 %) and in milk it can be free and bound. Free 

water is also a solvent of organic and inorganic substances in milk, minerals, acids, and milk 

sugars. In contrast, the water by form, strength and durability of bonding to the milk 

components may be bonded in three ways, such as chemical bond, physicochemical bond, and 

physical bond. The water is also a major component in milk to meet the hydration needs of the 

neonate. It also controls the speed of many reactions, including lipid oxidation, enzyme activity 

and microbial growth. These reactions affect the stability of milk and dairy products (Goulding 

et al., 2020).  

 

Component % 

Total solids 12.7 

Fat 3.7 

Protein 3.5 

Casein 2.8 

Whey proteins 0.7 

Lactose 4.8 

Ash 0.7 
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1.2. Lactose and other sugars  

Bovine milk is as an excellent source of lactose which is renowned as a basic carbohydrate in 

the milk. It is a disaccharide composed of galactose and glucose linked to a β-1-4 glycoside 

bond and its concentration proportionally depends on the concentration of lipids and casein in 

the milk. The main role of lactose along with lipids in milk is an energy source. Additionally, 

lactose is known as the main determinant of the osmotic pressure of milk and drives the milk 

yield of cows (Fox, Mcsweeney, & Paul, 1998). The process of milking above 100 °C changes 

the colour of the milk to a tan (due to the formed melanoidins), and at a temperature above 160 

°C the lactose caramelizes and browns. Being the principal carbon source for microorganisms 

in milk, it is indispensable for manufacture of fermented dairy products like cheese and yoghurt 

(Jenness & Holt, 1987). In addition to lactose, a large number of free saccharides mainly 

oligosaccharides and small amount of monosaccharides and glycosylated proteins (κ-casein), 

mucins and glycoproteins in fat globule membrane are also present (Oliveira, Wilbey, 

Grandison, & Roseiro, 2015). 

 

1.3. Fats 

Bovine milk contains an average of 3.8 % total fat, though considerable variation may be 

present between breeds and indeed between individual cows. Fat plays an important role in the 

growth and development of the calf, while also providing essential fatty acids and fat-soluble 

vitamins (Jensen, 2002). The fat fraction of milk is dominated by triglyceride esters with almost 

98 % of total milk fat, composed of fatty acids of varying chain length and degree of saturation. 

Namely, their constituent fatty acid distribution determines the melting and rheological 

behaviour of milk fat (Gresti, Bugaut, Maniongui, & Bezard, 1993) and, hence, the texture and 

mouthfeel of milk fat-based products, with butter being the most popular. The remaining 

proportion of total milk fat is composed of phospholipids, cholesterol, free fatty acids, and 

diacylglycerol, with 1, 0.5, 0.1, and 2 %, respectively (Moate, Chalupa, Boston, & Lean, 2007).  

 

1.4. Minerals  

Milk minerals occur in one or more chemical forms, including ions and salts (organic and 

inorganic), complexes or constituents of organic molecules like proteins. They constitute only 

a small portion of bovine milk and includes cations (calcium, magnesium, sodium and 

potassium) and anions (inorganic phosphate, citrate and chloride) (Gaucheron, 2005). These 
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cations and anions are partitioned between the colloidal and aqueous phase of milk. About one 

third of calcium, two thirds of magnesium, half of the inorganic phosphate and over 90 % 

citrate is in aqueous phase whereas the rest is associated with casein molecules and are an 

integral part of the casein micelle (Huppertz, Fox, & Kelly, 2018). Most importantly, 

concentrations of calcium and phosphorous tend to be too high to be maintained in the soluble 

phase at native milk pH and consequently, associate with the casein micelle to form insoluble 

colloidal calcium phosphate (Walstra, 1990).  

 

1.5. Vitamins  

Bovine milk is a source of fat soluble (A, D and E) and water-soluble vitamins (C, B1, B2, B6, 

B12, pantothenic acid, niacin, biotin and folic acid). The concentrations of fat-soluble vitamins 

are more variable in different dairy products, as increasing fat concentration will consequently 

increase the fat-soluble vitamin content of products such as cream or butter, although this 

would therefore necessitate supplementation of these vitamins in low-fat products. Vitamin A 

(particularly in the form of β-carotene) and Vitamin D are most abundant in milk, and 

concentrations of Vitamin E and Vitamin K are substantially lower (Fox, Uniacke-Lowe, 

McSweeney, & O’Mahony, 2015). 

 

1.6. Protein system in bovine milk 

The protein composition of bovine milk is complex, and it consists of 80 % caseins (flexible 

and unordered proteins), and the remaining 20 % are classified as whey proteins (globular in 

nature), including some minor proteins (Horne, 2020). Two centuries ago, the works of 

Berzelius (1814) and Braconnot (1830) were some of the first scientific publications describing 

milk proteins, and particularly caseins. Both publications investigated the physical differences 

between caseins and whey proteins and established that acidification of milk resulted in 

formation of a curd (casein) that can be separated from a clear solution (serum or whey 

proteins) (Berzelius, 1814; Braconnot, 1830).   

 

1.6.1. Whey proteins  

The whey protein fraction is generated from milk as a by-product of the cheese-making process 

or as a by-product of acid casein production. In the cheese-making process, after treatment of 
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milk with rennet and the removal of the caseins, the majority of the whey proteins remains in 

the milk serum (Lucey, 2002). The whey protein fraction is comprised of several proteins of 

high to medium abundancy, including α-Lactalbumin, β-Lactoglobulin, serum albumin, 

immunoglobulins, and some other biologically important proteins, such as lactoferrin and 

lactoperoxidase, that are generally of a globular nature and are somewhat heat labile (Boland, 

2011; Kilara & Vaghela, 2018). Table 2, adopted from Gazi, Johansen, and Huppertz (2022) 

shows the general characteristics of whey proteins in bovine milk. It is worth mentioning that 

the process of heat-induced modification of whey proteins can be either reversible or 

irreversible. The reversible modifications include partial unfolding of proteins with loss of 

helical structure, while irreversible changes lead an aggregation process involving thiol (–

SH)/disulphide (S–S) interchange reactions and other intermolecular interactions including 

hydrophobic and electrostatic interactions (Anema, 2000). Apart from the interactions between 

whey proteins, they can also interact with cysteine-containing caseins, especially κ-casein. 

Moreover, the evidence points out that the thermal denaturation behaviour of individual whey 

proteins is distinctly different (Anema, 2020) and the reaction might strongly influence the 

technological properties of dairy products (McKenzie, Norton, & Sawyer, 1971), but also 

digestibility of milk or dairy commodities (Huppertz & Chia, 2021). 

 

Table 2. General properties of whey proteins in bovine milk  

 

Protein 
β-

Lactoglobulin 

α-

Lactalbumin 

Bovine 

serum 

albumin 

Lactoferrin 

Gene name LGB LALBA ALBU LTF 

Concentration in milk 

(mg/mL) 
2 - 4 0.6 - 1.7 0.4 0.02 - 0.1 

Phosphorylation n/a n/a Yes n/a 

Number of glycans n/a 0 - 1 0 - 1 4 - 5 

Disulphide bridges 2 4 17 17 

Reference proteform 
β-Lactoglobulin 

B 

α-Lactalbumin 

B 
n/a n/a 

Number of amino acids 

within the protein 
162 123 583 689 

Average mass (Da) 18281.01 14185.92 66432.27 76143.08 

pI of the proteins 4.80 4.84 5.64 8.07 
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1.6.2. Caseins and casein micelle 

Caseins are distinguished from whey proteins for their ability to be heat stable and their 

propensity to precipitate at pH 4.6, while individually they can be differentiated by 

electrophoretic mobility or primary sequencing (Walstra, 1990). This group of milk proteins 

originates from the family of phosphoproteins, encoded with a specific genetic code of the 

bovine chromosome 6, and are classified mainly in four different types, including αs1-, α2-, β-, 

and κ-caseins with an approximate ratio of 4:1:4:1 of whole bovine casein (Bijl, Holland, & 

Boland, 2020). The general properties and primary structure of these four caseins are well 

established and presented in Table 3 (Farrell Jr et al., 2004; Gazi et al., 2022; Huppertz et al., 

2018; Huppertz & Gazi, 2022).  

 

Table 3. General properties of caseins in bovine milk 

 

Most, but not all, of the caseins exist in a colloidal particle known as the casein micelle. Casein 

micelles have an essential function in the production of milk, milk processing, and its 

conversion to different dairy products (Huppertz & Gazi, 2022). Namely, its purpose is the 

Protein αs1-casein α2-casein β-casein κ-casein 

Gene name CSN1S1 CSN1S2 CSN2 CSN3 

Concentration in milk 

(mg/mL) 
12 - 15 3 - 4 9 - 11 2 - 4 

Phosphorylation range 7 - 9 9 - 15 4 - 5 0 - 3 

Glycosylation sites n/a n/a n/a 0 - 6 

Reference proteform 
αs1-casein 

B - 8P 

αs2-casein 

A - 11P 

β-casein 

A2 - 5P 

κ-casein 

A - 1P 

Number of amino acids 

within the protein 
199 207 209 169 

Proline residues within 

the protein 
17 10 35 20 

Positively charged 

residues 
25 33 20 17 

Negatively charged 

residues 
40 39 28 28 

Aromatic residues 20 20 14 14 

Average mass (Da) 23614.43 25228.03 23982.89 19037.14 

pI of the proteins 4.43 4.95 4.66 5.62 
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transport of proteins, calcium, and phosphate at elevated amounts that otherwise would be 

insoluble in water (Horne, 2020). The size of casein micelles in bovine milk range considerably 

from around 150 to 230 nm, however, the variability in casein micelle size might be associated 

with age, milk output (lactation of cows), fat or protein content of milk (De Kruif, Huppertz, 

Urban, & Petukhov, 2012; Huppertz et al., 2018). To form a casein micelle, the four individual 

caseins interact with each other via predominantly non-covalent, but also some covalent, 

interactions, as well as via ionic interactions with calcium phosphate nanoclusters (Lucey & 

Horne, 2018). The nature of the interactions between caseins has been extensively discussed, 

with some suggesting that hydrophobic interactions are essential (Horne, 2020), while others 

argue that backbone interactions are the most important (Carver & Holt, 2019). De Kruif et al. 

(2012) outlined that interactions between caseins involve collective hydrophobic and hydrogen 

bonding, electrostatic interactions, and van der Waals attractions. Different models for casein 

micelle assembly and structure have been proposed, e.g., the sub-micelle model (Slattery, 1976; 

Slattery & Evard, 1973), the dual-binding model (Horne, 1998, 2017, 2020), the nano-cluster 

model (Holt, 1992, 2004, 2016; Holt & Carver, 2022), the water channel model (Dalgleish, 

2011; Dalgleish & Corredig, 2012; Dalgleish, Spagnuolo, & Douglas Goff, 2004), and the 

network model (Huppertz et al., 2017). Nevertheless, despite its ubiquity and numerous 

investigations, there is also no general agreement either on the interactions, or on the fine 

structure of the casein micelle assembly since the structure of the casein micelle cannot be 

simply visualised (Day, Williams, Otter, & Augustin, 2015; De Kruif et al., 2012; Huppertz & 

Gazi, 2022).  

For all caseins at least 39 genetic variants have been identified. Namely, 8 variants were 

assigned to αs1-casein (A, B, C, D, E, F, G, and H), 4 for αs2-casein (A, B, C, and D), 15 for β-

casein (A1, A2, A3, A4, B, C, D, E, F, G, H1, H2, I, J, K), and 12 for κ-casein (A, B, B2, C, 

E, F1, F2, G1, G2, H, I, J). These caseins’ genetic variants were found to maintain the 

isoelectric point and protein charge, and ultimately can impact the physicochemical and the 

functional properties of milk proteins, liquid milk, and dairy products (Daniloski, McCarthy, 

Huppertz, & Vasiljevic, 2022; Day et al., 2015; Gai, Uniacke-Lowe, O’Regan, Faulkner, & 

Kelly, 2021). Nevertheless, to what extent this genetic polymorphism might affect the casein 

micelle structure-functionality properties and the interaction among caseins within the casein 

micelle, received less attention. This is because, the natural variation in casein composition 

affected by the casein genotype is hard to study as it requires sample sets with different variants, 

some of which are hard to find in populations. 
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1.7. A1-free milk  

Bovine β-casein and its phenotypes have gained significant recognition within the dairy 

industry, as they have been related to affecting the "structure" of the casein micelle (Daniloski, 

Markoska, McCarthy, & Vasiljevic, 2023), techno-functionality of dairy products (Daniloski 

et al., 2022), and even been linked to having an impact on human health (Daniloski et al., 2021). 

Comprised of 209 amino acids (17 % are proline residues), β-casein is considered the most 

hydrophobic of the caseins. This protein is coded by the CSN2 gene mapped to chromosome 6 

(119 Mb in size) (Ferretti, Leone, & Sgaramella, 1990).  

While a number of β-casein variants have been identified, because of a point mutation in its 

polypeptide chain, the most common are β-caseins A1 and A2 (Aschaffenburg, 1961). In the 

context of the present research on β-casein variants, a point mutation in the gene encoding the 

β-casein could result in a change in the amino acid sequence of the protein. More specifically, 

a point mutation is a change in a single nucleotide base in the DNA sequence. This change can 

lead to the expression of a protein variant if it occurs in the coding region of a gene (Berry et 

al., 2020), but it can also alter the structure and function of the protein, thus leading to the 

expression of a different β-casein variant (Daniloski et al., 2022). Hence, due to the location of 

the mutation (single nucleotide polymorphism) on exon VII and the sixth chromosome of the 

CSN2 gene (Caroli, Chessa, & Erhardt, 2009) the transfer from cytosine (CCT) to adenine 

(CAT) contributes to the substitution of proline with histidine at position 67 in the β-casein 

polypeptide chain (Daniloski et al., 2021). Hence, the defining feature of these two types of β-

casein is the inclusion of either histidine in β-casein A1 or proline in β-casein A2 (Figure 1), 

with β-casein A1 being a result of a point mutation from proline to histidine arising in the 

ancestors of modern European - cattle (Jianqin et al., 2015).  

Bovine milk comprised of the homozygous β-casein A1 or the homozygous β-casein A2 is 

termed A1/A1 milk or A2/A2 milk, respectively, whilst a mixture of both β-casein A1 and A2 

leads to the production of conventional or A1/A2 milk. Bovine milk absent of β-casein A1 is 

now commonly available across a variety of countries, including Australia, the United 

Kingdom, the United States, New Zealand, and the Netherlands, and is generally advertised as 

helpful to people suffering from some digestive discomfort (Daniloski et al., 2021). When it 

comes to non-A1 milk as a commercial product, the companies selling A2/A2 milk have 

certainly created a breakthrough trend in the dairy consumer market and the farming industry 

to date. For instance, the A2/A2 market is poised for substantial growth between 9 and 18 % 

over the next decade according to the analyses performed by Market Research Future in 2021, 



 

42 

 

Future Market Insights and Market Research Report in 2023 (FMI, 2023; MRFR, 2021; MRR, 

2023). 

In contrast, the high cost of A2/A2 milk, the limited availability and the lack of sufficient 

scientific evidence that supports the health claims of consuming this milk remain a challenge 

to the growth of the unconventional milk market. Namely, the main reason for promoting 

A2/A2 milk and A2/A2 dairy products was due to the claims that β-casein A1 has been related 

to some gastro-intestinal discomfort and studies have been performed to increase the frequency 

of the β-casein A2 allele in dairy cattle breeds (Sebastiani et al., 2020). In contrast, β-casein 

A2 has been found to be the dominant variant in non-coagulating and poor-coagulating milk 

samples and it has detrimental effects on milk coagulation processes in comparison to β-casein 

A1, especially when producing fermented dairy products, with yoghurt and cheese being the 

most popular (Daniloski et al., 2022). The evidence found within this thesis explained and 

elaborated, if not completely, many unanswered questions regarding the A2 dairy dilemma. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. A single nucleotide polymorphism in the structure of bovine β-casein. Visual 

representation of the point mutation on exon VII in the sixth chromosome of the CSN2 gene. 

A1 = A1/A1 milk; A2 = A2/A2 milk; and C = conventional or A1/A2 milk. 
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Literature Review: Part II. Chapter 2. 
 

 

 

 

What is the impact of amino acid mutations in the primary 

structure of caseins on the composition and functionality of 

milk and dairy products? 

 

 

 

 

 

• Impact of β- and other caseins on the casein micelle structure and functionality 

• Proline and histidine in β-caseins play a key role in casein micelle conformation 

• Chaperone activity of β-casein A2 towards heat-induced aggregation of whey protein 

• Gels prepared of milks with β-casein A1 possess a denser and firmer structure 

• Ordered structure of β-casein A2 led to improved emulsion and foam formation 
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Main findings: Part I. Chapter 3. 

 

 

 

 

 

Casein micelle with different β-casein phenotypes: 

Fingerprinting pH-induced structural changes using FTIR 

and NMR spectroscopies 

 

 

 

• FTIR, 1D- and 2D-NMRs identified conformational differences in casein particles 

• Structurally at pH 5.7, A1/A1, A1/A2 and A2/A2 casein micelles were similar 

• Acidification increased PPII structures in A2/A2 casein 

• Aggregated β-sheets in the samples appear related to κ-casein phenotypes 

• In A2/A2 sample, β-casein A2 showed stronger connection to other caseins 
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Main findings: Part I. Chapter 4. 

 

 

 

Conformational and physicochemical characteristics of 

bovine skim milk obtained from cows with different genetic 

variants of β-casein 

 

 

 

 

 

 

• Fingerprinting conformational difference of milk and caseins using FTIR and 1H NMR 

• Conformational differences depended on β-casein proteoform and temperature 

• β-casein A2 dominated in the protein conformation of samples with β-casein A1/A2 and 

A2 

• Samples with β-caseins A1 and A2 possessed mainly α- and PPII helices, respectively 

• Different proteoforms affected the micelle size but not the minerals among samples 
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Main findings: Part I. Chapter 5. 

 

 

Impact of heating on the properties of A1/A1, A1/A2, and 

A2/A2 β-casein milk phenotypes 

 

 

 

 

 

 

 

• FTIR and 1H NMR identified structural variations of heat-treated milks 

• Heat treatment decreased random coils and α-helices amount in all milks 

• Aggregated β-sheets in A1/A2 milk related with the tyrosine residues 

• A1/A1 and A1/A2 milks were similar; A2/A2 milk possessed unique traits 

• β-casein proteoforms influenced the micelle size and the amount of minerals 
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Main findings: Part I. Chapter 6. 

 

 

 

Authentication of β-casein milk phenotypes using FTIR 

spectroscopy 

 

 

 

• Use of FTIR was assessed for authentication of β-casein milks 

• A2 β-casein milk family possessed higher proportions of random coils and β-sheets 

• Milks containing A1 β-casein were govern by α-helix and β-turn conformations  

• Additional proline in milks potentially elevated the formation of PPII helices 

• Data visualisation was performed and confirmed by PCA and PLS-DA chemometrics  

• Potential for β-CN milk families to be discriminated by FTIR 
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Main findings: Part I. Chapter 7. 

 

 

 

Properties of sodium caseinate as affected by the β-casein 

phenotypes 
 

 

 

 

 

• Properties of sodium caseinates with various β-caseins were studied by FTIR and NMR 

• Dispersions with A1 β-casein exhibited noticeable ordered structural properties 

• Sodium caseinates possessing A1 β-casein showed lower solubility 

• Increased α-helixes in A2/A2 sodium caseinate’s adsorbed interface, led to greater 

emulsion stability 

• A2/A2 dispersions and emulsions possessed high amount of β-turn conformations 

 

 

 

 

 

Published as: Daniloski, D., McCarthy, N. A., Auldist, M. J., & Vasiljevic, T. (2022). 

Properties of sodium caseinate as affected by the β-casein phenotypes. Journal of Colloid and 

Interface Science, 626, 939-950. 

 



 

124 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

125 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

126 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

127 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

130 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

132 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

133 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

135 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

137 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

138 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

139 

 

Main findings: Part I. Chapter 8. 

 

 

 

Rheological and structural properties of acid-induced milk 

gels as a function of β-casein phenotype 

 

 

 

 

 

 

• Effects of acidification on milks with various β-caseins were studied 

• Gels carrying A1 β-casein possessed greater water retention and lower permeability 

• Increased β-sheets in gels carrying A1 β-casein related to higher storage modulus 

• A2/A2 gel possessed a high amount of polyproline II structures 

• Gels prepared of A1/A1 and A1/A2 milks possessed a denser microstructure 
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Main findings: Part II. Chapter 9. 

 

 

 

Health-related outcomes of genetic polymorphism of bovine 

β-casein variants: A systematic review of randomised 

controlled trials 

 

 

 

 

• Impact of β-casein genetic variants on human health from animal and human in vivo 

studies was systematically analysed 

• Both β-casein A1 and β-casein A2 release β-casomorhin7 during the in vivo digestion 

• Consumption of β-casein A2 may decline in perseverance of gut problems, however, not 

clinically admissible 

• Neither β-casein A1 nor β-casein A2 showed an effect on the other health statuses 
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Main findings: Part II. Chapter 10. 

 

 

 

Impact of β-casein phenotype on the physical properties of 

skim milk powders and their subsequent digestion 

characteristics 

 

 

 

• Greater rehydration properties were observed in A1/A2 skim milk powder 

• Random coils were mainly present in A2/A2 skim milk powder 

• Heat stability was lower in A2/A2 milk at pH 7.4 

• A2/A2 digesta had more stable protein structure under gastric conditions 

• Milks with β-casein A1 showed faster gastric digestion  
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Main findings: Part II. Chapter 11. 
 

 

 

Physicochemical and simulated gastric digestion properties 

of A1/A1, A1/A2 and A2/A2 yoghurt 

 

 

 

 

 

 

• Physical properties of the yoghurts were driven by their matrices  

• A2/A2 yoghurt possessed lower water retention and greater syneresis   

• Yoghurts carrying β-casein A1 had more aggerated β-sheets 

• A2/A2 yoghurt matrix led to slower protein breakdown during gastric digestion 

• Digesta from A1/A1 and A1/A2 yoghurts showed a porous microstructure 

 

 

 

 

 

Submitted as: Daniloski, D., Vasiljevic, T., Freitas, D., Comunian, T. A., Brodkorb, A., 

McCarthy, N. A. (2024). Physicochemical and simulated gastric digestion properties of A1/A1, 

A1/A2 and A2/A2 yoghurts.  
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Abstract  

This study aimed to determine the physicochemical properties of yoghurts from skim milk 

containing either β-casein A1/A1, A1/A2 or A2/A2 and establish their behaviour during 

simulated gastric digestion. Yoghurts with β-casein A1 had significantly higher storage 

modulus, water holding capacity, and lower syneresis compared to A2/A2 yoghurt. Microscopy 

images also showed a more porous microstructure and greater pore size in A2/A2 yoghurts. 

The main conformational variability included approximately 35 % lower amounts of 

aggregated β-sheets in A2/A2 yoghurt as opposed to the other yoghurt systems. The A2/A2 

sample was also characterised by higher levels of β-lactoglobulin in the yoghurt serum phase, 

larger casein micelles and lower levels of κ-casein. During gastric digestion, coagulum 

formation in all three yoghurts occurred within the first 5 min when the pH was ranging from 

3.8 to 4.3. However, the protein breakdown of A1/A1 and A1/A2 yoghurts was faster with the 

final gastric clot characterised with a loose protein network and between 20 and 50 % greater 

levels of random coils, as opposed to that of A2/A2 digesta. Overall, the use of A2/A2 milk in 

yoghurt production results in prolonged gelation times, with altered digestibility compared to 

yoghurts with β-casein A1. 

 

Keywords:  

Yoghurt; gelation properties; β-caseins A1/A1, A1/A2, and A2/A2; structure; gastric digestion.  
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1. Introduction 

Bovine milk and derivatives thereof are comprised of several components, yet its milk proteins 

in particular, are subject of an ongoing debate regarding their composition, nature, 

technological role, and biological significance to human health (McSweeney & Fox, 2013). 

Two main categories of proteins are found in milk. Caseins, flexible and unordered proteins, 

predominantly present in the form of casein micelles, classified as αs-, β- and κ-caseins; and 

whey proteins, including α-lactalbumin, β-lactoglobulin and other minor proteins, globular in 

nature and heat labile (Huppertz & Gazi, 2022; Walstra, Walstra, Wouters, & Geurts, 2005). 

These two families of dairy proteins hold paramount importance in the technological properties 

of milk, profoundly influencing gel formation during the manufacture of fermented dairy-based 

products, such as in set-yoghurt production (Lucey, 2017; Lucey, Tamehana, Singh, & Munro, 

1998). 

During acid gelation, the hairy κ-casein layer curls, the casein particles aggregate, 

simultaneously micellar calcium phosphate solubilises, as the pH decreases from ~ pH 6.70 to 

pH 4.60 (Lucey & Singh, 1997). Prior to yoghurt production, milk is usually heated at a high 

temperature in order to denature and aggregate whey proteins, particularly β-lactoglobulin 

(Anema, 2021). Denatured whey proteins can interact with κ-casein on the surface of casein 

micelles during heat treatment but is pH dependent (Ozcan, Horne, & Lucey, 2015). Factors 

including, protein, fat and mineral concentration and profile (i.e., amino acid and fatty acid 

profile), heat treatment (time-temperature combination), starter culture used, influencing 

manufacturing properties of acid and yoghurt gels have been investigated extensively for many 

decades (Lucey et al., 1998; Robinson, Lucey, & Tamime, 2006; Walstra et al., 2005). 

However, a number of studies (Aschaffenburg, 1961; Aschaffenburg & Drewry, 1955; Jakob 

& Puhan, 1992; Ketto et al., 2018; Poulsen & Larsen, 2021) have also shown that the genetic 

polymorphism of milk proteins appears to affect the properties of acid gels, including yoghurt. 

From these studies, there is a general agreement that A/A phenotypes of both κ-casein and β-

lactoglobulin are associated with improved acid gelation properties (Hallén, Allmere, Lundén, 

& Andrén, 2009). It was also established that protein from β-casein A2/A2 cows is a 

contributing factor in poorly coagulating milks (Poulsen & Larsen, 2021). Furthermore, A2/A2 

milk had a detrimental effect on the properties of acidified milk gels and yoghurts when 

compared to A1/A1 and A1/A2 milks across New Zealand and Australia (Daniloski, McCarthy, 

Gazi, & Vasiljevic, 2022a; Nguyen, Schwendel, Harland, & Day, 2018a), and most recently, 
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in milk obtained from Irish Holstein cows (Gai, Uniacke-Lowe, O'Regan, Goulding, & Kelly, 

2023).  

While there have been differences found in the physicochemical properties of acid gels and 

yoghurts based on protein genotype (Poulsen & Larsen, 2021), very few studies have 

investigated the effect of the yoghurt matrix on its gastric digestibility. Yoghurt digestion is 

affected by milk composition, particularly the protein structure and mineral levels, which can 

differ with breed, stage of lactation, milk processing, and casein genotype (Dupont & Tomé, 

2020; Mulet-Cabero, Mackie, Brodkorb, & Wilde, 2020; Ye, 2021). For example, Sheng, 

Nielsen, Poulsen, and Larsen (2021) reported significantly lower in vitro gastric digestion of 

milk with B/B κ-casein compared with that of A/A and A/B milks, which was linked to its 

casein micelle size.  In contrast, the effect of β-casein phenotypes on intestinal digestion 

properties have been previously reported (De Noni & Cattaneo, 2010; Nguyen, Busetti, 

Johnson, & Solah, 2018); however, the literature is scare on how any casein phenotypes alters 

yoghurt gastric digestion. Therefore, this study aimed to investigate if β-casein phenotype 

influences yoghurt properties, specifically gel strength and microstructure, and if these 

differences subsequently affect digestibility of yoghurts containing the two well-defined β-

casein proteoforms, A1 and A2. 

 

2. Materials and methods  

 

2.1. Skim milk powder production  

Approximately 250 L of milk was collected for each β-casein phenotype (i.e., A1/A1, A1/A2 

and A2/A2) from 28 individual Irish Holstein Friesian breed (A1/A1 cows = 8; A1/A2 cows = 

10, and A2/A2 cows = 10) from the Moorepark Dairy Farm in the Teagasc Animal and 

Grassland Research and Innovation Centre (Teagasc, Moorepark, Fermoy, Co. Cork, Ireland). 

Upon receipt, the raw whole milk from individual cows was pooled based on β-casein 

phenotype, subsequently the cream was separated at 60 °C using a Westfalia centrifugal disk 

separator, GEA Westfalia, Oelde, Germany), pasteurised at 80 °C for 30 s (pilot-scale 

UHT/HTST system, MicroThermics, Raleigh, NC, USA), and spray dried (Anhydro single-

stage spray dryer, SPX Flow Technology, Soeborg, Denmark) (McSweeney, Maidannyk, 
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Montgomery, O’Mahony, & McCarthy, 2020). The spray dried milk powders were stored in 

double sealed plastic bags at 8 °C and away from direct sunlight.  

Skim milk powders were rehydrated in Milli-Q water (purified by a Milli-Q apparatus, 

Millipore Corp., Bedford, MA, USA) by adding around 11 g of milk powder to 89 mL of water 

resulting in a similar protein content, approximately 3.50 % (w/w). The rehydrated skim milk 

dispersions were then stirred for 1 h at room temperature and left to hydrate overnight at 4 °C 

prior to further analyses and yoghurt production. All chemicals used in the study were of 

analytical grade and were purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA) unless 

otherwise specified.  

 

2.2. Yoghurt preparation  

The yoghurts were prepared using rehydrated raw skim milk dispersions by initially heating at 

85 °C for 10 min, followed by cooling to 43 °C. As per the manufacturer’s guidelines a yoghurt 

starter culture was added at 2 % w/w (YC-380: Lactobacillus delbrueckii subsp. Bulgaricus 

and Streptococcus thermophilus, CHR Hansen, Hørsholm, Denmark, 500U · 2500L-1). The 

inoculated milk was then distributed into containers and incubated at 43 °C until a pH of 4.6 

was reached. During fermentation, pH of the milk was measured using a CyberScan pH meter 

510 (Eutech Instruments, Singapore). Yoghurt samples were stored at 4 °C overnight for further 

analyses, including physicochemical, structure-functionality, and digestion properties 

(Nguyen, Afsar, & Day, 2018b). The samples were named as A1/A1, A1/A2, or A2/A2 

yoghurts depending on the β-casein phenotypes present in the samples.   

 

2.3. Chemical composition analysis on milk, milk serum, and yoghurt serum  

The total protein content of milk and supernatant samples obtained from milk and yoghurt was 

established by the Kjeldahl method (ISO, 2014). To obtain supernatants for distribution of 

caseins and whey proteins in rehydrated skim milks (pre-warmed at 43 °C) and yoghurts, the 

samples were centrifuged at 100,000 · g for 1 h at 43 °C in a Beckman Coulter Ultra L - 70 

centrifuge (Beckman Instruments, Indianapolis, IN, USA). The clear supernatants were 

carefully removed and used for protein profiling and mineral determination. The distribution 

of individual caseins between the milk and milk serum, but also the yoghurt serum was 

determined by Reversed Phase-High Performance Liquid Chromatography (RP-HPLC). An 
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Agilent 1200s HPLC equipped with a quaternary pump, heated column compartment, 

temperature-controlled autosampler and multiwavelength detector was used with the data being 

processed using the ChemStation software (Agilent Technologies Ireland Ltd, Little Island, 

Cork, Ireland). Separation and identification of each single milk protein was achieved using 

Poroshell 300SB-C18 column (2.1 mm diameter, 75 mm length, 5 µm; Agilent Technologies, 

Ireland), equipped with a Zorbax poroshell guard column (1.0 mm diameter, 17 mm length, 5 

µm; Agilent Technologies, Ireland). Elution was attained with acetonitrile:water:TFA mixture 

(100:899:1,v/v/v; mobile phase A), and acetonitrile:water:TFA mixture (900:99.1:0.9, v/v/v, 

mobile phase B) (Bobe, Beitz, Freeman, & Lindberg, 1998). The total and soluble mineral 

content in all three, rehydrated skim milk, milk serum (before yoghurt manufacture), and 

yoghurt serum obtained as described above, were determined using an Inductively Coupled 

Plasma - Atomic Emission Spectrometer (ICP - AES Multitype, Shimadzu Corporation, Kyoto, 

Japan). The samples were ashed and dissolved in 1 M nitric acid before analysing the mineral 

content (Daniloski et al., 2022a). The particle size and zeta-potential of unheated and heated 

milk samples diluted four-fold in Milli-Q water were measured at 43 °C using Malvern 

Zetasizer Nano ZS (Zetasizer-Nano ZS, Malvern Instruments, Malvern, Worcestershire UK) 

(Jenness, 1962).  

 

2.4. Small and large deformation studies of yoghurt samples  

The viscoelastic properties of the milk samples were established using a Discovery HR-1 

hybrid rheometer (TA Instruments, New Castle, DE, USA), equipped with a concentric 

cylinder maintained at 43 °C, with bob diameter (28 mm), bob length (42 mm), cup diameter 

(30 µm), operating gap (5,920 µm) and loading gap (9,000 µm). An aliquot (19 mL) of the 

freshly inoculated milk was immediately transferred into the concentric cylinder. The storage 

(G’) moduli of the samples were determined at constant 1 % strain and a frequency of 1 Hz 

until pH 4.6 was reached. This was monitored by measuring the pH of simultaneously 

incubated samples of inoculated milk, which were maintained at the same temperature as the 

sample in the rheometer for the same duration. This was followed immediately by a frequency 

sweep from 1 to 63.1 Hz at a constant strain of 1 %. Gelation was defined as the point at which 

the G’ of the gel was ≥ 1 Pa (Lucey et al., 1998).  

Following overnight refrigerated storage, the yoghurt samples (100 mL, per sample) were 

analysed using a 35-mm flat-disk backward extrusion rig on a Texture Expert Exceed system 
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(Stable Microsystems, Godalming, UK) at 4 °C. Probe force was calibrated using a 2 kg weight 

mounted on a 5 kg load cell. Trigger force was set at 2 g. The probe penetrated the sample to a 

depth of 25 mm and returned to the starting point. Pre-test, test, and post-test probe speeds were 

set at 1 mm · s-1. The sample firmness, consistency, cohesiveness, and index of viscosity were 

recorded (Bourne, 1978).  

For the water retention, 30 mL of yoghurt was produced (Section 2.2.) in a 50 mL Falcon tube 

(Falcon, Blue Max; Becton Dickinson and Co., Franklin Lakes, NJ, USA). Subsequently, the 

tubes were centrifuged for 20 min at 5000 x g and 20 °C in a centrifuge (Sorvall Lynx 6000) 

using a Fiberlite F21-8x50y rotor (Thermo Fisher Scientific, Waltham, MA, USA). The 

supernatant was carefully decanted, collected, and weighed. The water holding capacity 

(WHC) of the yoghurts was expressed as a percentage, considering the weight of the yoghurt 

gel (pellet) after supernatant was expelled, relative to the weight of the total sample (Daniloski 

et al., 2022a). The level of spontaneous whey separation from undisturbed yoghurts was 

measured according to the siphon method as explained by Sah, Vasiljevic, McKechnie, and 

Donkor (2016).  

 

2.5. Conformational features of yoghurt samples 

The yoghurt samples were prepared (Section 2.2.) in 50 mL Falcon tubes and rapidly immersed 

into liquid nitrogen at - 196 °C for 15 s. The frozen samples were immediately stored at - 80 

°C overnight to prevent ice re-crystallisation including any changes in their microstructure. 

After that, the samples were lyophilised in a pilot scale freeze dryer (Edwards Pirani 501 freeze 

dryer; Edwards Ltd, Crawley, UK) for 48 h to obtain absolute water-free samples. The prepared 

powders were used for conformational characteristics of these yoghurts. 

Infrared spectra of the freeze-dried yoghurt samples were recorded using an Attenuated Total 

Reflectance Fourier Transform Infrared (ATR-FTIR) spectrometer (Bruker, BioATR II cell, 

INVENIO 100453, Billerica, MA, USA) controlled by a Haake K20/DC30 external water bath 

(Thermo Haake, Karlsruhe, Germany) at 37 °C. Before measuring the samples, the background 

spectrum was scanned with a blank diamond ATR cell using the same instrumental conditions 

as for the sample spectra acquisition. The yoghurt samples were scanned in the range of 4,000 

to 900 cm−1, a resolution of 4 cm−1, and by averaging 100 scans of each spectrum, followed by 

atmospheric compensation for the absorbance of CO2 and H2O as vapour and solute (OPUS 

software version 7.5). 
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The freeze-dried yoghurts were also analysed using a WITec Alpha300 R Confocal Raman 

Spectroscopy (Ulm, Germany) featuring a 532 nm Laser and a 50 x Microscope Object (0.55 

numerical aperture). Namely, the samples were placed on microscopy glass slides and 

equilibrated at 37 °C before analysis using a Linkam PE94 heating/cooling microscopy stage 

(Linkam Scientific Instruments Ltd., Tadworth, UK). The Raman shift range was from 4,000 

to 600 cm−1 with a laser power of 20 mW, an integration time of 0.5 s and number of 

accumulations of 10. Raman measurements were performed in a similar manner to those 

described by Pax and Sheehan (2020) with slight modifications.  

Scanning electron microscopy images of the freeze-dried yoghurts were captured using a Zeiss 

Supra 40P field emission scanning electron microscopy (SEM) (Carl Zeiss SMT Ltd., 

Cambridge, UK) at 2.00 kV with a magnification of 4,000. Samples were prepared using 

double sided adhesive microscope stubs coated with chromium (K550X, Emitech, Ashford, 

UK) (Sah et al., 2016). Confocal laser scanning microscopy (CLSM) was used to visualise the 

microstructure of the fresh yoghurt samples. A small amount (∼ 0.1 g) of each yoghurt was 

transferred to a glass slide using a spatula. Stock solutions of Fast green FCF (0.1 % w/v in 

water) was added to the sample (50 µL) followed by a 15 min incubation. After blotting excess 

stain with tissues, the sample was covered with a 0.17 mm thick glass coverslip and visualised 

with a 63x oil-immersion objective on an inverted CLSM (Leica SP8, Leica Microsystems 

Baden-Württemberg, Germany). The excitation/emission wavelengths for Fast Green FCF 

were 633/660 - 750 nm, respectively (set to appear green). With these configurations, the 

protein, appears greenish blue in CLSM images (Mulet-Cabero, Mackie, Wilde, Fenelon, & 

Brodkorb, 2019) 

 

2.6. Semi-dynamic in vitro gastric digestion 

 

2.6.1. In vitro semi-dynamic gastric digestion of yoghurt 

To assess variations in the simulated dynamic gastric digestion of the yoghurt samples, the 

standardised simulated in vitro model operating at 37 °C for a period of 21.76 min was applied 

(Mulet-Cabero et al., 2020a). The duration of gastric digestion was based on the caloric value 

of the food, treated as a meal. The digestion was carried out in a jacketed glass vessel (ref. 

6.1418.250, Metrohm, Dublin, Ireland) and for mixing the digesta (low speed between 10 - 20 
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rpm) an overhead stirrer (OHS 200 Digital, VELP R Scientifica, Usmate Velate, Italy or CAT 

R 100 CT, Ingenieurbüro CAT M. Zipperer GmbH, Staufen, Germany) fitted with a 3D - 

printed stirrer head. No amylase was added during the oral phase as no starch was incorporated 

in the yoghurts. Pepsin activity was tested according to Brodkorb et al. (2019) (4,017.12 U · 

mL-1 of digesta, P-6887), but gastric lipase was omitted due to the absence of lipids in the food. 

The simulated electrolyte fluids, namely, Simulated Salivary Fluid (eSSF) and Simulated 

Gastric Fluid (eSGF at pH 7) were prepared as described in the INFOGEST standardised static 

in vitro digestion (Brodkorb et al., 2019). For all yoghurt samples, 45 mL of prepared 

refrigerated yoghurt (section 2.2.) was first mixed with 6.27 mL eSSF at 37 °C. Milk samples 

and eSSF were stirred with a plastic spatula at pH 7 for 20 sec to reproduce the salivary phase 

of digestion. The gastric phase was performed by gradually adding 34.64 mL eSGF, porcine 

pepsin along with a slow addition of 0.13 M HCL to gradually reduce pH down to 2.0. Gastric 

emptying was simulated by taking four samples, named as gastric emptying points (GE) 1 - 4 

in the text.  

 

2.6.2. Properties of digested samples  

The digesta were taken from the bottom of the vessel using a serological pipette with a tip 

internal diameter between 2.07 and 2.20 mm mimicking the upper limit of particle size that 

pass through the pyloric valve into the duodenum (Mulet-Cabero et al., 2019). The GE samples 

were collected from the digests’ supernatants at 5.30 (GE 1), 10.80 (GE 2), 16.00 (GE 3) and 

21.76 min (GE 4). The pH of the digesta emptied from the gastric vessel at an interval of 5 min 

was measured by a CyberScan pH meter 510 (Eutech Instruments, Singapore). Each sample (8 

mL) was collected after halting stirring for 30 s to allow particles to sediment. Aliquots of the 

samples (1 mL) were placed on ice for a short period and immediately used for structural 

characterisation of the digesta. The other aliquots of the samples, needed for protein 

composition and profiling, were snap frozen with liquid nitrogen and stored at - 80 °C until 

further analysis.  

The structure of the digesta from each time point was observed using CLSM images and the 

samples were kept on ice for a short time (Mulet-Cabero et al., 2019). Furthermore, FTIR (see 

section 2.5.) operating at 37 °C evaluated the structural properties of the digested samples, 

taking into consideration the background (sSGF and pepsin) that was collected before every 

sample’s measurement.  
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The protein contents of the digested yoghurts in all four gastric phases were determined using 

LECO FP628 nitrogen analyser (LECO Corporation, UK). The yoghurt samples obtained 

before and during simulated gastric digestion were analysed by Sodium dodecyl-sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) using 4 - 12 % Tris-glycine polyacrylamide 

gels (Invitrogen, CA, USA) for protein profiling. Samples were first reconstituted 1:60 in 0.1 

M NaOH. The reconstituted samples (5.1 µL) were then added to fresh Eppendorf tubes to 

which sample buffer (7.5 µL), reducing agent (3 µL) and deionised water (14.4 µL), equating 

to a final volume of 30 µL. The samples were heated for 10 min at 80 °C and allowed to cool 

to room temperature. For each sample, 10 µL were loaded in the gel and the electrophoresis 

was performed with a Xcell SureLock NovexMini Cell apparatus (Invitrogen, Loughborough, 

UK) at 200 V for 45 min, in NuPAGE® MOPS running buffer with NuPAGE® Antioxidant 

(Invitrogen, Loughborough, UK). Gels were stained overnight with InstantBlue™ and 

destained in an ultra-pure water prior to analysis, according to the supplier instruction 

(Invitrogen, Loughborough, UK) (Arranz et al., 2023)  

 

2.7. Statistical analysis and spectra processing  

Three independent batches of yoghurt and digesta were produced for each sample with either 

β-casein A1/A1, A1/A2, or A2/A2, and the results were expressed as mean of the three average 

values (n = 3 ± standard deviation). Mean values were then compared by one-way analysis of 

variance (ANOVA) Minitab statistical software (Version 20; Minitab, Pennsylvania, USA) 

with a significance of 95 %. Tukey’s test was used to detect pairwise significant differences. 

The second derivative spectra of both, FTIR and Raman on the powdered yoghurts were 

analysed using Origin software (Origin Pro 2023, v. 95E, OriginLab Corporation, 

Northampton, MA, USA) (Daniloski, McCarthy, O'Callaghan, & Vasiljevic, 2022b). The 

multivariate analysis was conducted with 95 % confidence. At least 5 spectra (5 repetitions) 

were considered for each type of yoghurt and digested sample. 

 

3. Results 

 

3.1. Composition and physicochemical properties of A1/A1, A1/A2, and A2/A2 milks and their 

corresponding yoghurts 
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The protein and mineral composition of rehydrated skim milks, milk serums, and supernatants 

from the yoghurts are shown in Figure 1 A, Tables 1 and 2. Not significant differences were 

observed among the milks based on protein level (p > 0.05), since all milks were rehydrated to 

the same protein content (section 2.1.). While the levels of αs-and β-caseins, but also the level 

of calcium (Ca), were slightly higher in both homozygous milks (p < 0.05), the amount of κ-

casein, phosphorus (P), potassium (K), and sodium (Na) were higher in A1/A1 and A1/A2 

milks compared to that of A2/A2 milk (p < 0.05). The average particle sizes of A1/A1 and 

A1/A2 milks (~ 154 nm) were smaller compared to those of A2/A2 milk (167 nm, p < 0.05, 

Table 3). As expected, due to the lower content of κ-casein, the ζ potential of A2/A2 milk was 

between 3 and 9 % lower than that in both milks with β-casein A1 (ζ potential was less negative, 

p < 0.05, Table 3). No significant differences were observed in the ratio of caseins to whey 

proteins among all three milk groups (Table 1, p > 0.05). However, β-lactoglobulin was present 

in significantly higher levels in A2/A2 milk for almost 8 and 17 % than in A1/A2 and A1/A1 

milks, respectively.   

A greater amount of non-sedimentable αs- and β-caseins and higher level of sedimentable κ-

casein were present in A1/A1 yoghurt relative to both yoghurts carrying β-casein A2 (p < 0.05). 

The A2/A2 yoghurt possessed the highest content of β-casein in its structure. Although only 1 

- 5 % of the whey proteins were solubilised in the serum, the soluble β-lactoglobulin was 

significantly higher in the serum of A2/A2 yoghurt compared to its amount in the other yoghurt 

systems (Table 1, p < 0.05). Calcium and phosphorus are nearly entirely in the supernatant 

phase of the yoghurts due to pH drop (solubilisation of colloidal calcium phosphate from the 

micelle into the serum).   

 

3.2. Rheological, physical, and textural properties of yoghurt gels 

The storage moduli of skim milk yoghurts are shown in Figure 1 C, measured as a function of 

time. Yoghurts produced from A1/A1 and A1/A2 milks had a similar trend in G’ evolution 

(Figures 1 C and D, and Table 4), where the G’ value was greater than 1 Pa · s after ~ 112 and 

114 min, respectively. This is significantly faster than that shown for A2/A2 milk where the 

G’ value > 1 Pa · s occurred after ~ 145 min (Figure 1 C), with the final G’ value almost 20 % 

less than that of the other yoghurts with β-casein A1 (Table 4). The viscoelastic behaviour 

(frequency sweep from 1 up to 63.1 Hz) of the yoghurt samples are displayed in Figure 1 D 

and show that the highest average G′ value was observed in A1/A1 yoghurt, followed by A1/A2 
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and A2/A2 yoghurts, indicating the formation of a stronger, more cohesive gel matrix, which 

were more resistant to deformation in both yoghurts with β-casein A1 (p < 0.05). However, 

above a frequency of 63.1 Hz there was a deviation away from linear behaviour in the A1/A1 

yoghurt, indicating gel breakage and increased brittleness in comparison to the other yoghurts 

(Figure 1 D). 

Average texture profile data for each yoghurt is shown in Table 5. The highest gel firmness 

(1.91 N) and consistency (34.57 N · s) were exhibited by A1/A1 yoghurt. The A1/A2 yoghurt 

yielded 9 % higher firmness value than did the A2/A2 sample (p < 0.05). Maximum gel 

cohesiveness (- 0.47 N) and index of viscosity (~ - 7 N · s) were exhibited by both yoghurts 

with β-casein A1. Lower values were observed in A2/A2 sample for all texture profile 

components, indicating that A2/A2 milk led to softer yoghurt (p < 0.05, Table 5). Notably, the 

ability of the yoghurts to retain water was also distinguishable based on β-casein phenotype (p 

< 0.05, Table 5). In particular, after maintaining the samples at 4 °C for 24 h, the WHC of 

A1/A1 and A1/A2 yoghurts was between 1 and 4 % greater, but their syneresis was between 7 

and 33 % lower compared to both, WHC and syneresis, in A2/A2 yoghurt, thus reflecting their 

relative compactness and firmness.  

 

3.3. Conformational properties of the yoghurts  

FTIR and Raman spectra of the yoghurts are shown in Figure 2 and Table 6. Integration of the 

second derivative spectra yields relative amounts of secondary structural features. Both 

yoghurts containing β-casein A1 had a similar level of random coils, where their presence was 

lower by almost 25 % depicted by FTIR and approximately 80 % as per Raman results 

compared to their level in A2/A2 yoghurt (Table 6, p < 0.05). Interestingly, A1/A1 yoghurt 

possessed the highest number of α-helixes, also presented with a peak shoulder at 1660 cm-1, 

but the lowest level of β-turns in comparison to both yoghurts carrying β-casein A2 (p < 0.05). 

Although the level of structural aggregated β-sheets seemed to be high in all three yoghurt 

types, possibly due to the higher protein aggregation, in particular the aggregation of whey 

proteins, and new molecular rearrangements during fermentation stages (p < 0.05), the amount 

of these motifs was between 10 and 35 % lower in A2/A2 yoghurt as opposed to A1/A1 and 

A1/A2 yoghurts. 

The microstructure properties of the yoghurts examined using both CLSM and SEM are shown 

in Figure 1 B. The CLSM microstructure of all three gels consisted of a protein network 
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(appearing as green) and the serum pores (appearing as black). The A2/A2 yoghurt displayed 

a more open porous microstructure and least dense protein network, whereas A1/A1 and 

especially A1/A2 yoghurts contained a more homogenous and compact structure (Figure 1 B). 

The microstructure observed using SEM confirmed the most porous structure in A2/A2 yoghurt 

and the densest protein network in both yoghurts with β-casein A1. Namely, the SEM images 

also show that the protein aggregation was different among the yoghurt networks (Figure 1 B).  

 

3.4. Behaviour of the yoghurts during simulated gastric digestion 

 

3.4.1. Gastric pH profiles and protein breakdown  

The pH profiles of the yoghurts under simulated gastric conditions are presented in Figure 3 

A. Although similar rapid decrease of the pH was observed during the first 3 min of digestion 

for all samples (pH from 4.6 to 4), the pH of both homozygous yoghurts changed only slightly 

up to 6 min; they then decreased gradually, reaching a pH of around 2 after ~ 22 min. In 

contrast, the decrease of pH in A1/A2 yoghurt underwent two plateau periods, including the 

one between 7 and 9 min, and the other from 13 to 15 min. These alternations in the pH curve 

were different among the samples probably due to differences in their buffering capacity, most 

likely induced by structural or kinetic differences in the curd formation caused by the milk 

fermentation, even though the yoghurts had the same protein content. 

The protein profiles of yoghurts were analysed by SDS-PAGE under reducing conditions 

(Figure 4). As expected, the yoghurts before digestion (0 min) had a typical milk-like protein 

profile. The caseins in all samples were detectable at the first emptying point, followed by the 

GE 2 (pH 3.5) where these proteins could also be observed together with some liberated 

peptides (Figure 4). In all samples, the κ-casein band started fading following 10 min of 

digestion; right after the GE 2 point. Furthermore, after 15 min of digestion (GE 3), pepsin 

almost hydrolysed both β- and αs-caseins, nevertheless the β-casein band was more intense 

than the αs-casein band in all three yoghurts (Figure 4, Bands 14 - 16 within the caseins section 

of the SDS-PAGE gel), indicating a slower rate of β-casein hydrolysis compared to that of αs-

casein. Towards the end of the digestion time (between GE 3 [15 min] and GE 4 [~ 22 min]), 

the A1/A2 sample appeared to contain little intact caseins and consisted mainly of peptides 

(Figure 4). This degradation of caseins after 22 min of digestion was also observed in A1/A1 
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yoghurt, whereas the protein breakdown was lowest in A2/A2 yoghurt (Figure 4). The intensity 

of the whey protein bands was almost constant during the whole duration of gastric phase 

(underwent a slight decrease from GE 1 to GE 3), nevertheless, the presence of β-lactoglobulin 

even in GE 4 was still visible in A1/A1, but mainly in A2/A2 yoghurt (Figure 4). In this regard, 

since the GE 4 band of A2/A2 yoghurt was more intense, it specified more undigested proteins 

in this sample, compared to A1/A1 and A1/A2 yoghurts. 

 

3.4.2. Conformational features and microstructure of the gastric digesta 

During the early stage of digestion (between oral and GE 1 phases), a close-knit network of 

protein was observed for A1/A1 and A1/A2 yoghurts, whereas a more open fragmented 

network was observed in A2/A2 yoghurt (Figure 3 B). Also, the digesta matrices of both phases 

(oral and GE 1) were comprised of more α-helixes, and intramolecular β-sheets within all three 

samples, but particularly the yoghurts with β-casein A1 (p < 0.05, Table 7). The large protein 

aggregates observed in GE 1 became smaller in GE 2, but interestingly greater in A2/A2 digesta 

as opposed to the other digesta samples (Figure 3 B). Herein, the A1/A1 digesta between GE 

1 and GE 2 possessed the lowest level of α-helixes (p < 0.05, 114 % lower compared to A1/A2 

and 94 % than in A2/A2 GE 2 digesta, Table 7). At the final digestion times (from 15 to 22 

min), the protein matrix appeared to decrease, and the structure of the curds was much more 

open, with blocks of aggregated protein. These protein aggregates in GE 4 phase were visibly 

larger in A2/A2 digesta and they seemed to remain associated with the protein matrix. It is 

worth mentioning that the level of β-turns, between GE 3 and GE 4 in all three digesta samples 

marginally increased (p < 0.05), nevertheless, the random coils significantly increased (almost 

18 %) in A1/A1 and A1/A2 digesta (p < 0.05). Thus, the protein breakdown shown in Figure 

4, along with the opening of the protein matrix (Figure 3 B) and high level of random coil 

motifs (Table 7), appeared to be greater in both yoghurts with β-casein A1, presumably because 

of the greater protein breakdown by pepsin. 

 

4. Discussion  

The transformation of milk into a fine-stranded protein network through acid-induced gelation 

is a fundamental process in yoghurt production. Casein and highly aggregated whey protein 

(whey protein - whey protein and whey protein - casein aggregates) provide the main structural 



 

208 

 

network for yoghurt but a number of other factors play a key role in determining the gel strength 

of set-style yoghurts, such as protein, fat and mineral concentration and profile, level of heat 

treatment and starter culture (Lucey, 2002; Lucey, 2017; Lucey et al., 1998). During 

fermentation, the production of lactic acid and the concomitant decrease in pH, results in the 

solubilisation of colloidal calcium phosphate (Table 2) and dissociation of micellar casein (Jin 

et al., 2016). This process will lead to their destabilisation and adulteration of the caseins’ 

secondary conformational state (Markoska, Huppertz, & Vasiljevic, 2021). Previously Lucey, 

Johnson, and Horne (2003) stated that much of the secondary structure of casein is random 

coil, present in an open, highly hydrated state. The level of random coils in A1/A1 and A1/A2 

yoghurts was lower compared to their amount in A2/A2 yoghurt (p < 0.05). In this regard, 

Daniloski et al. (2022a) and Nishinari, Zhang, and Ikeda (2000) showed that the lower amount 

of random coils and greater levels of β-sheets, specifically aggregated  β-sheets, were 

responsible for the induced stable protein structure, and therefore firmer gels, as in the present 

study’s yoghurts with β-casein A1 (p < 0.05, Tables 4 - 6). Hence, β-sheet formation in the 

yoghurts seems to be involved in protein aggregates, gel network formation, and improvement 

of the yoghurt firmness (p < 0.05). Previously, during acid gelation of these three milks, a 

similar trend was observed, and it was found that mineral content and distribution, casein 

micelle size, level and phenotypes of β-lactoglobulin, but specifically β-caseins A1 and A2 and 

κ-casein, all affected the rate of gelation and final gel strength (Daniloski et al., 2022a; Hallén 

et al., 2009; Poulsen & Larsen, 2021). As known in the literature, the fundamental difference 

between the two β-casein proteoforms is an amino acid residue in position 67, with histidine 

for β-casein A1 and proline for β-casein A2 (Aschaffenburg, 1961). During acid gelation, 

hydrogen ions are released and are especially accepted by polar and charged amino acids, 

including histidine, leading to the formation of ionic and hydrogen-bonds and thus likely fine 

and stable structure (Scheiner, Kar, & Pattanayak, 2002), but also improved acid gel formation 

(Daniloski et al., 2022a). Additionally, the study of Bautista, Dahiya, and Speck (1966) showed 

that by fermenting a milk with Streptococcus thermophiles (used also within this study, see 

section 2.2.), a yoghurt starter culture that possessed the affinity towards histidine, resulted in 

increased acid production and gel firmness, that might be the case in the present A1/A1 and 

A1/A2 yoghurts, both carrying histidine within their protein structure.  

During the formation of yoghurt gels, the system relies on re-arrangement of the bonds and 

interactions among individual caseins making up the original casein micelles. Therefore, an 

improved gel firmness may be associated with a greater number of such bonds and increased 
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interaction owing to the rearrangements of the casein particles into a more compact structure, 

hence leading to an increased number of bonds and firmer gel (Lucey, Wilbanks, & Horne, 

2022). If it is assumed that all κ-casein is located on the surface of the casein micelle (Huppertz 

& Gazi, 2022), the reason behind this phenomenon can be related to the difference in κ-casein 

levels in all three yoghurts. Accordingly, greater κ-casein content indeed leads to more 

interactions, at least at the surface of the casein micelles during gelation (Lucey & Horne, 

2018). The A2/A2 milk in the current study had the lowest amount of κ-casein as opposed to 

the other milks. Additionally, since the isoelectric point of κ-casein is fairly high at pH 6.70, 

the average casein isoelectric point would also be high in a sample rich in κ-casein (Walstra et 

al., 2005). This means that a sample with a lower amount of κ-casein would coagulate slower 

and become softer in the fermentation process; namely, it coagulates at a lower pH on account 

of the lower isoelectric point (De Kruif, 1997). Again, that appears to be the case for A2/A2 

yoghurt in the current study that also possessed a smaller tan δ, which implies a longer 

relaxation time (Lucey, 2017). Additionally, a lower level of κ-casein led to creation of greater 

casein micelle size (p < 0.05, Tables 1 and 2); a key driver for milk with impaired gelation 

properties (Poulsen & Larsen, 2021), which might be the case for A2/A2 milk in the current 

study.  

Although, the amount of κ-casein seems to play a key role in governing the yoghurt properties, 

the effect of heat-induced whey protein complexes with κ-casein has not yet been fully 

evaluated (Anema, 2021). However, many scholars explained that whey protein complexes 

interact with κ-casein on the surface of the casein micelles upon heat treatment, which 

consequently creates a firmer gel (Donato, Alexander, & Dalgleish, 2007; Lucey et al., 1998; 

Lucey et al., 2022). This was a case in the current study, since the amount of non-denatured β-

lactoglobulin was lower in both yoghurts with β-casein A1 (p < 0.05, Table 1) which translates 

to higher whey proteins-casein micelle connections; A2/A2 yoghurt showed impaired gelation 

properties (p < 0.05, Figures 1 C and D, Table 4). Additionally, following the published data, 

various secondary orientations of β-lactoglobulin and κ-casein during heating were found to be 

responsible for creation of β-sheets detected in the samples (Grewal, Chandrapala, Donkor, 

Apostolopoulos, & Vasiljevic, 2017; Grewal, Huppertz, & Vasiljevic, 2018; Markoska, 

Huppertz, Grewal, & Vasiljevic, 2019) which corresponds to the present study’s results. This 

might be the reason for the higher number of β-sheets in both yoghurts with β-casein A1, since 

they contained greater concentration of κ-casein and higher whey protein denaturation 

compared to their amount in A2/A2 yoghurt (Tables 1 and 6). Additionally, the presence of 
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these complexes and the possible κ-casein-whey protein aggregates on the surface of the casein 

micelles might affected the enzymatic coagulation of the yoghurts during the gastric digestion 

(Huppertz & Gazi, 2022; Ye, 2021). Interestingly, whilst A1/A1 and A1/A2 compared to 

A2/A2 yoghurts, exhibited greater β-sheet motifs, firmer gels with greater onset of gelation and 

shorter time of fermentation, upon simulated gastric digestion they possessed smaller protein 

aggregates and underwent faster protein breakdown (Figures, 3 B and 4, p < 0.05), presumably 

creating soft curds. 

A number of previous studies showed that the properties and the size of gastric curd particles 

formed during yoghurt digestion are strongly influenced by the conformational state of the milk 

proteins present in the starting milk (Buchheim, 1984; Doan, 1938; Gaudichon et al., 1994; 

Mulet-Cabero et al., 2020; Scanff et al., 1990; Ye, 2021). However, less is known about the 

matrix structure formed during simulated gastric digestion of yoghurt. Yoghurt is a unique 

matrix in that the pH is already under acidic conditions, where solubilisation of calcium 

phosphate and dissociation of the casein micelle have already taken place with aggregation due 

to low electrostatic repulsion at the isoelectric point (Mulet-Cabero et al., 2020). The enzyme 

induced coagulation, initiated by the pepsin during digestion, can specifically catalyse the 

hydrolysis of κ-casein (Figure 4) (Creamer & Plowman, 1995), but κ-casein-cleaving sites by 

pepsin are still unknown (Fox & Walley, 1971; Ye, 2021). During gastric digestion of dairy 

products, the interaction of β-lactoglobulin and κ-casein does not normally hinder the 

enzymatic hydrolysis of κ-casein (Huppertz & Chia, 2021). Nevertheless, the enzymatic 

coagulation in the stomach might be amplified if heat treatment of yoghurt or dairy product has 

resulted in high levels of whey protein denaturation (Huppertz & Chia, 2021). The process 

normally results in an "opening" of the globular structure and rendering the whey proteins more 

sensitive to the action of pepsin, as demonstrated for β-lactoglobulin in vivo (Barbé et al., 2013) 

and α-lactalbumin in vitro (Inglingstad et al., 2010). This could be attributed to the weakly 

cross-linked protein structure and altered secondary protein conformation with greater levels 

of random coils observed in A1/A1 and A1/A2 digesta in both GE 3 and GE 4 phases (Table 

7) (Daniloski et al., 2022a). Additionally, in the present study, the significantly higher level of 

β-lactoglobulin present in the supernatant phase of A2/A2 yoghurt, indicates a lower level of 

heat-induced aggregation (p < 0.05). This may be a cause of the lower gel strength observed in 

Figures 1 C and D and the slower gastric digestion found in A2/A2 yoghurt (Figures 3B and 

4). Considering that the gastric digestion and protein breakdown of yoghurt and milk is to some 

extent similar (Dupont & Tomé, 2020; Gaudichon et al., 1994), very recently, during human in 
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vivo digestion of reduced fat A1/A2 and A2/A2 milks, it was found that A1/A2 milk had a 

faster gastric transit (Ramakrishnan, Zhou, Dydak, & Savaiano, 2023), which corroborates the 

present results.  

   

5. Conclusion  

This present study revealed how genetic variants of β-casein influenced yoghurt properties, 

with A2/A2 milk having significantly lower gel strength and greater yoghurt gel porosity, 

compared to those of A1/A1 and A1/A2 samples. Overall, the production of yoghurt using 

A2/A2 milk will have significant consequences for processors with ended times required for 

gelation and a slight reduction in final gel strength, compared to milks containing β-casein A1. 

The differences found in both, physical and microstructural properties of yoghurts from 

different β-casein phenotypes continued during simulated gastric digestion. The associated 

findings of the yoghurts with β-casein A1 may be related to the increased content of aggregated 

β-sheets and greater levels of κ-casein with increased levels of denatured β-lactoglobulin in 

A1/A1 and A1/A2 yoghurts after heat treatment. The creation of random coils, greater protein 

breakdown, and denaturation of whey proteins could contribute to the faster gastric digestibility 

of A1/A1 and A1/A2 yoghurts and should be examined further. 
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List of Figures 

Figure 1. A) RP-HPLC chromatographic profiles used for identification of different milk 

samples (1 = κ-casein A/A; 2 = αs2-casein A/A; 3 = αs1-casein B/B; 4 = β-casein [genetic 

variant indicated in the figure, A1/A1 = blue star, A1/A2 = green square, and A2/A2 = purple 

triangle]; 5 = α-lactalbumin; 6 = β-lactoglobulin A/B). B) Representative CLSM and SEM 

micrographs of yoghurts, scale bars represent 25 µm and 20 µm, respectively. C) Storage 

modulus (G’) as a function of time during fermentation with yoghurt starter culture at 42 °C of 

A1/A1 (blue star), A1/A2 (green square), and A2/A2 (purple triangle) milks. D) Storage 

modulus (G’) of A1/A1 (blue star), A1/A2 (green square), and A2/A2 (purple triangle) milks 

obtained from small strain oscillation frequency sweep of the yoghurts. Data shown are average 

values of data from three collections. Error bars represent standard deviation. 
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Figure 2. A) Averaged of three second derivative spectra of Amide I region of yoghurts 

depicted by FTIR. B) Averaged of three second derivative spectra of Amide I region of 

yoghurts depicted by Raman. A1/A1 (blue star), A1/A2 (green square), and A2/A2 (purple 

triangle).  

 

Figure 3. A) Change in pH of the yoghurts during gastric digestion B) CLMS micrographs of 

the clots obtained during the gastric digestion of yoghurts at different times, scale bars represent 

25 µm. A1/A1 (blue star), A1/A2 (green square), and A2/A2 (purple triangle). Data shown are 

average values of data from three collections. Error bars represent standard deviation. 

 

Figure 4. SDS-PAGE patterns under reducing conditions of oral and GE 1 - 4 phases obtained 

during the gastric digestion at different times. BSA (Bovine Serum Albumin); Igs 

(Immunoglobulins); β-Lg (β-lactoglobulin), α-lactalbumin (α-La). A1/A1 (blue star), A1/A2 

(green square), and A2/A2 (purple triangle).  
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Table 1. Milk protein composition in skim milk, milk serum and yoghurt serum. 

Protein content (mg/mL) 

Sample κ-casein αs2-casein αs1-casein β-casein β-Lactoglobulin α-Lactalbumin 

A1/A1 milk 6.10 ± 0.05 a 2.11 ± 0.33 b 11.84 ± 0.43 ab 10.72 ± 0.16 a 3.35 ± 0.21 a 1.49 ± 0.01 a 

A1/A2 milk 5.90 ± 0.22 ab 2.68 ± 0.03 a 11.01 ± 0.39 b 10.44 ± 0.30 a 3.65 ± 0.04 a 1.54 ± 0.01 a 

A2/A2 milk 5.26 ± 0.18 b 2.51 ± 0.16 ab 12.43 ± 0.05 a 10.74 ± 0.16 a 3.94 ± 0.02 a 1.50 ± 0.03 a 

A1/A1 serum (milk) 1.10 ± 0.25 c 0.35 ± 0.04 c 0.82 ± 0.29 c 2.16 ± 1.22 bc 3.24 ± 0.04 a 0.65 ± 0.01 bc 

A1/A2 serum (milk) 1.34 ± 0.17 c 0.25 ± 0.01 c 0.87 ± 0.37 c 2.70 ± 0.97 b 3.41 ± 0.09 a 0.68 ± 0.03 b 

A2/A2 serum (milk) 1.00 ± 0.01 c 0.19 ± 0.02 c 0.58 ± 0.01 c 2.77 ± 0.02 b 3.70 ± 0.35 a 0.64 ± 0.06 b 

A1/A1 serum 

(yoghurt) 
1.08 ± 0.10 c 0.06 ± 0.00 c 0.28 ± 0.01 c 0.99 ± 0.08 c 0.18 ± 0.07 b 0.39 ± 0.02 cd 

A1/A2 serum 

(yoghurt) 
0.99 ± 0.23 c 0.05 ± 0.01 c 0.22 ± 0.11 c 0.72 ± 0.46 c 0.38 ± 0.06 c 0.26 ± 0.05 d 

A2/A2 serum 

(yoghurt) 
0.90 ± 0.35 c 0.02 ± 0.00 c 0.21 ± 0.05 c 0.59 ± 0.21 c 1.75 ± 0.38 bc 0.29 ± 0.08 d 

 

Mean values within a column that do not share a common superscript letter are significantly different (p ≤ 0.05). The analysis of all three sample 

types [milk, serum (milk), and serum (yoghurt)] was performed separately. 
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Table 2. The average total and soluble mineral concentrations of milk, milk serum, and yoghurt serum with different β-casein phenotypes. 

Sample 
Ca 

(mM) 

K 

(mM) 

Mg 

(mM) 

Na 

(mM) 

P 

(mM) 

A1/A1 milk 31.18 ± 0.52 ab 33.05 ± 0.04 ab  4.55 ± 0.01 ab 18.67 ± 0.38 ab 28.75 ± 0.09 a 

A1/A2 milk 30.70 ± 0.01 ab 33.98 ± 0.61 a 4.69 ± 0.04 a 20.79 ± 1.15 a 28.23 ± 0.29 a 

A2/A2 milk 31.47 ± 0.28 a 32.81 ± 0.73 ab 4.56 ± 0.04 ab 17.63 ± 0.26 ab 27.02 ± 0.30 a 

A1/A1 serum (milk) 9.29 ± 0.97 c 32.68 ± 2.20 abc 2.90 ± 0.07 c 17.98 ± 1.74 ab 11.64 ± 0.75 c 

A1/A2 serum (milk) 9.45 ± 1.00 c 29.33 ± 0.21 c 3.05 ± 0.09 c 16.67 ± 0.13 bc 12.24 ± 0.87 c 

A2/A2 serum (milk) 9.19 ± 0.24 c 29.48 ± 0.56 bc 2.95 ± 0.01 c 15.77 ± 1.84 bc 10.55 ± 0.10 c 

A1/A1 serum (yoghurt) 30.76 ± 0.15 ab 32.12 ± 0.20 abc 4.47 ± 0.03 b 17.48 ± 0.26 ab 21.85 ± 0.01 b 

A1/A2 serum (yoghurt) 29.28 ± 0.25 ab 31.21 ± 1.19 abc 4.71 ± 0.02 a 18.98 ± 0.48 ab 21.73 ± 0.45 b 

A2/A2 serum (yoghurt) 29.90 ± 0.33 ab 29.31 ± 0.23 c 4.59 ± 0.02 ab 13.65 ± 0.11 c 20.26 ± 0.61 b 

 

Mean values within a column that do not share a common superscript letter are significantly different (p ≤ 0.05). 
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Table 3. The average casein micelle size, zeta potential of the milks and initial, final and next 

day pH of yoghurts with different β-casein phenotypes. 

Sample A1/A1 milk A1/A2 milk A2/A2 milk 

Particle size (nm) 153.27 ± 1.91 b 155.40 ± 1.15 b 167.10 ± 9.54 a 

Zeta potential (mV) - 14.43 ± 0.46 a - 13.63 ± 0.75 a - 13.23 ± 0.12 a 

Initial pH of milk 6.63 ± 0.01 a 6.62 ± 0.01 a 6.55 ± 0.01 b 

Final pH of yoghurt 4.59 ± 0.00 a 4.61 ± 0.03 a 4.60 ± 0.01 a 

Next day pH of yoghurt 4.56 ± 0.01 ab 4.57 ± 0.01 a 4.54 ± 0.01 b 

Fermentation time (min)  146.48 ± 5.66 b 148.04 ± 7.07 b 176.58 ± 3.54 a 

 

Mean values within a row that do not share a common superscript letter are significantly 

different (p ≤ 0.05). 
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Table 4. Rheological parameters measured during yoghurt production. 

 

Sample 

Gelation point 

time, G’ = 1 Pa 

(min) 

G’ (Pa) Tan δ 

Time (min) 

120 140 End 120 140 End 

A1/A1 milk 112.50 ± 9.86 b 11.86 ± 0.70 a 32.15 ± 0.45 a 39.44 ± 5.73 a 0.512 ± 0.02 a  0.567 ± 0.05 a 0.574 ± 0.07 ab 

A1/A2 milk 114.01 ± 3.94 b 5.33 ± 0.49 b 28.92 ± 4.56 b 37.76 ± 1.61 ab 0.483 ± 0.02 a 0.562 ± 0.04 a 0.583 ± 0.03 a 

A2/A2 milk 145.01 ± 7.55 a 0.02 ± 0.00 c 0.09 ± 0.02 c  31.63 ± 3.40 b 0.056 ± 0.03 c 0.512 ± 0.07 b 0.566 ± 0.01 b 

 

Mean values within a column that do not share a common superscript letter are significantly different (p ≤ 0.05). 
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Table 5. Textural and chemical parameters of the yoghurts with different of β-casein 

phenotypes. 

Sample 

Treatment A1/A1 yoghurt A1/A2 yoghurt A2/A2 yoghurt 

Consistency (N · sec) 34.57 ± 1.97 a 31.39 ± 0.25 ab 29.73 ± 2.46 b 

Index of viscosity (N · sec) - 7.21 ± 0.94 a - 6.81 ± 0.67 a - 5.70 ± 1.85 b 

Firmness (N) 1.91 ± 0.03 a 1.78 ± 0.12 a 1.63 ± 0.01 a 

Cohesiveness (N) - 0.47 ± 0.04 a - 0.47 ± 0.10 a - 0.35 ± 0.08 a 

Water holding capacity (%) 50.75 ± 0.16 a 48.73 ± 0.77 b 48.28 ± 0.83 b 

Syneresis (%) 16.50 ± 1.37 b 21.44 ± 1.34 a 23.21 ± 0.69 a 

 

Mean values within a column that do not share a common superscript letter are significantly 

different (p ≤ 0.05). 
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Table 6. Total percentage areas of second derivative Amide I band in A1/A1, A1/A2, and A2/A2 yoghurts depicted with FTIR and Raman 

spectroscopies. 

Band 

Assessment 

Band 

frequency 

(cm-1) 

Peak area (%) 

A1/A1 A1/A2  A2/A2 A1/A1  A1/A2  A2/A2 

FTIR Raman 

Side chain 1,614 - 1,601 1.54 ± 0.48 a 0.85 ± 0.16 a 1.01 ± 0.49 a 2.27 ± 0.66 b 4.79 ± 0.92 a 2.59 ± 0.08 b 

Intramolecular  

β-sheet 
1,637 - 1,615 8.69 ± 0.22 abc 9.21 ± 0.25 ab 10.02 ± 0.27 ab 17.60 ± 1.16 b 15.74 ± 0.12 bc 12.19 ± 2.73 c 

Random coil 1,645 - 1,638 8.91 ± 0.20 b 9.30 ± 0.80 b 11.91 ± 1.26 ab 3.00 ± 2.21 d 5.85 ± 0.08 d 11.04 ± 1.16 c 

α-helix 1,664 - 1,646 29.36 ± 0.19 b 29.10 ± 0.46 b 28.87 ± 0.57 b 22.80 ± 6.64 b 16.57 ± 2.74 d 18.87 ± 0.53 c 

β-turn 1,681 - 1,665 17.58 ± 0.60 b 17.59 ± 0.08 b 18.17 ± 2.41 b 18.18 ± 1.54 bc 25.09 ± 5.06 ab 29.85 ± 4.33 a 

Aggregated  

β-sheet 
1,700 - 1,682 33.92 ± 0.58 a 33.94 ± 0.52 a 30.01 ± 3.85 ab 36.15 ± 8.55 a 31.96 ± 0.97 ab 25.46 ± 0.21 b 

 

Mean values within a row that do not share a common superscript letter are significantly different (p ≤ 0.05). 
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Table 7. Total percentage areas of second derivative Amide I band in A1/A1, A1/A2, and A2/A2 digesta depicted with FTIR spectroscopy. 

Sample 

Peak area (%) - Oral phase 

Side chain 
Intramolecular β-

sheet 
Random coil α-helix β-turn 

Aggregated 

β-sheet 

A1/A1 4.06 ± 0.80 c 22.23 ± 3.74 d 8.43 ± 0.96 d 18.50 ± 4.22 b 12.57 ± 0.10 d 34.20 ± 3.17 ab 

A1/A2 4.34 ± 0.12 c 4.57 ± 0.99 de 7.16 ± 2.32 d 17.89 ± 4.91 b 28.36 ± 0.94 a 37.68 ± 5.76 a 

A2/A2 9.21 ± 3.96 ab 3.62 ± 0.92 e 17.17 ± 2.32 c 15.38 ± 1.05 bc 23.88 ± 2.02 b 30.74 ± 1.59 b 

Peak area (%) - GE 1 phase 

A1/A1  0.23 ± 0.02 d 34.37 ± 0.45 a 1.30 ± 0.56 e 12.92 ± 1.79 c 12.09 ± 3.13 d 39.10 ± 2.58 a 

A1/A2  4.80 ± 0.75 c 5.18 ± 1.54 d 8.47 ± 0.16 d 30.80 ± 0.66 a 12.77 ± 2.90 d 37.98 ± 2.19 a 

A2/A2  13.46 ± 1.75 a 6.69 ± 1.49 d 14.26 ± 0.32 cd 19.01 ± 1.18 b 17.61 ± 0.03 c 28.97 ± 1.26 b 

Peak area (%) - GE 2 phase 

A1/A1  2.39 ± 0.20 c 22.04 ± 3.49 b 22.06 ± 0.45 bc 3.68 ± 1.73 e 18.95 ± 2.27 c 30.88 ± 2.23 b 

A1/A2  0.71 ± 0.43 d 22.03 ± 2.09 b 19.00 ± 0.20 c 13.52 ± 1.76 c 12.59 ± 2.32 d 32.16 ± 2.62 ab 

A2/A2  5.36 ± 0.64 c 15.38 ± 1.42 bc 17.48 ± 2.07 c 10.25 ± 0.18 cd 20.98 ± 1.37 b 30.55 ± 1.67 b 

Peak area (%) - GE 3 phase 

A1/A1  3.33 ± 0.56 c 7.13 ± 1.82 d 23.96 ± 5.26 b 15.31 ± 0.63 bc 27.36 ± 3.93 ab 22.91 ± 2.18 c 

A1/A2  1.48 ± 0.85 d 8.21 ± 0.34 d 26.28 ± 2.55 b
 16.27 ± 1.27 bc 20.88 ± 0.10 c 26.88 ± 0.88 bc 

A2/A2  11.55 ± 0.18 a 6.87 ± 0.85 de 20.55 ± 1.72 bc 8.88 ± 0.82 cd 26.02 ± 2.23 ab 26.13 ± 1.15 bc 

Peak area (%) - GE 4 phase 



 

221 

 

 

Mean values (± standard deviation, n = 3 measurements) within a column that do not share a common superscript letter are significantly 

different (p ≤ 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

A1/A1  7.58 ± 1.65 ab 6.82 ± 0.45 d 25.47 ± 0.62 b 3.79 ± 0.07 e  33.43 ± 3.73 a 22.92 ± 2.82 c 

A1/A2  2.01 ± 0.24 cd 12.15 ± 0.01 c 31.89 ± 1.15 a 14.14 ± 0.83 bc 22.37 ± 2.16 b 17.45 ± 0.61 d 

A2/A2  6.62 ± 0.07 c 9.52 ± 0.41 c 21.00 ± 0.00 c 9.08 ± 0.55 cd 29.03 ± 0.10 a
 24.75 ± 0.18 c 

Wavenumber 

(cm-1) 
1,614 - 1,601 1,637 - 1,615 1,645 - 1,638 1,664 - 1,646 1,681 - 1,665 1,700 - 1,682 
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Main findings: Part II. Chapter 12. 
 

 

 

Cheddar cheese matrix and in vitro semi-dynamic gastric 

digestion: The role of β-casein phenotype 

 

 

 

 

 

 

 

 

• Upon renneting, A2/A2 cheese milk required longer time to gel 

• Cheeses with β-casein A1 after ripening were softer and less cohesive  

• A1/A2 and A2/A2 cheeses had more aggregated β-sheets and less random coils 

• A2/A2 cheese matrix influenced the slower protein breakdown during digestion 

• Digesta from control and A1/A1 cheeses had more porous microstructure 

 

 

 

Submitted as: Daniloski, D., Page, R., Lamichhane, P., Vasiljevic, T., Fitzpatrick, C. J., 

Brodkorb, A., Timlin, M., McCarthy, N. A. (2024). Cheddar cheese matrix and in vitro semi-

dynamic gastric digestion: The role of β-casein phenotype. 
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Abstract  

The objective of this study was to establish the impact of β-casein A1/A1, A1/A2 and A2/A2 

phenotypes on cheese-making process, cheese matrix and their subsequent simulated semi-

dynamic in vitro gastric digestion. The onset of rennet coagulation in cheese milk containing 

β-casein A2 was delayed and required longer time to gel. This resulted in a cheese that was 

almost 1.1 times harder and more cohesive compared to A1/A1 and A1/A2 cheeses at the end 

of the cheese ripening. The main structural motif differing among these cheeses included 

between 23 and 76 % higher levels of aggregated β-sheets in A2/A2 cheese. The protein 

breakdown of the cheese matrices during ripening resulted in a more porous microstructure in 

all cheese samples derived from β-casein A1 phenotype. Cheese samples took between 15 and 

20 min to form the initial digesta coagulum when undergoing simulated gastric digestion which 

occurred in the pH range 4.0 - 4.3. The extent of the matrix degradation and protein breakdown 

was lower in A2/A2 cheese. The gastric digesta of A2/A2 cheese was characterised by a finer 

protein network containing approximately 20 % less random coils compared to all other 

digestas. This study highlights the differences in the cheese matrix structure and protein 

breakdown following gastric digestion as a result of β-casein phenotype and outlines how these 

results correlate with the initial cheese texture and (micro) structure. 

 

Keywords:  

Cheese; Rennet coagulation; β-caseins A1/A1, A1/A2, and A2/A2; cheese matrix; semi-

dynamic in-vitro gastric digestion.  
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Introduction 

Casein micelles are the basic building blocks of the gel formed during rennet coagulation of 

milk. Their destabilisation by enzymatic hydrolysis continues to be subject of studies as it is at 

the basis in curd firming processes and production of cheese (Dalgleish, 1979; Fox & 

McSweeney, 2017). The cheese curd is formed exclusively by combination of fat, some whey 

proteins, but mainly caseins (α-, β-, and κ-caseins) with appreciable quantities of micellar or 

colloidal calcium phosphate nanoclusters (Corredig & Salvatore, 2016). The manufacturing 

characteristics of cheese curd have been thoroughly studied for many years (Fox, 1989; Fox & 

McSweeney, 2017; Lucey, Johnson, & Horne, 2003; Lucey, 2022; Wright, 1924). Although it 

has been known for a while that cheese properties are affected by factors such as the traits of 

cows, the milk they produce, as well as the levels of protein, fat, and salt, these factors alone 

could not entirely account for the variations in how milk from different cows and breeds 

performs in cheese production (Fox, Cogan, & Guinee, 2017; Horne & Lucey, 2017).  

The discovery of genetic variants in milk proteins has provided new insights into why milk 

properties, such as the rate of gel formation and curd firmness, differ among individual milk 

samples (Poulsen & Larsen, 2021). Recent research has demonstrated a weaker curd formation 

during cheese manufacture using milk with the κ-casein A phenotype compared to that of κ-

casein B (Cendron, Franzoi, Penasa, De Marchi, & Cassandro, 2021; Jensen, Holland, Poulsen, 

& Larsen, 2012; Poulsen et al., 2013). A similar effect may be noticeable as a result of 

phenotype due to the correlation between β-casein content with cheese yield and milk 

coagulation (Marziali & Ng-Kwai-Hang, 1986). Among all caseins, β-casein accounts for 

approximately 40 % of the total casein in milk and has 17 different genetic variants (Daniloski, 

McCarthy, Huppertz, & Vasiljevic, 2022a), with β-caseins A1 and A2 being the most 

commonly found in bovine milk (Aschaffenburg, 1961). Variants A1 and A2 of β-casein, 

despite having an almost identical configuration, possess a different amino acid in position 67. 

Where proline is present at position 67 in the β-casein A2 variation, histidine is present in the 

β-casein A1 variation. This one substitution in the amino acid chain has demonstrated to 

significantly alter rennet coagulation time of cheese milk, the rate of proteolysis during cheese 

ripening, and the overall cheese yield (Bisutti et al., 2022; Gai et al., 2024; Marziali & Ng-

Kwai-Hang, 1986).  

The effect of β-casein A1/A1, A1/A2 and A2/A2 phenotypes on rennet coagulation time has, 

however, been noted by several researchers with an observation that milk carrying β-casein A1 
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is more favourable than milk with β-casein A2 for gel firmness and consequently cheese-

manufacturing properties (Bisutti et al., 2022; Poulsen et al., 2016; Vigolo, Franzoi, Penasa, & 

De Marchi, 2022). Very recently during cheese-manufacture, Gai et al. (2024) reported poor 

rennet coagulation properties associated with A2/A2 milk compared to that of the β-casein A1 

phenotype. Despite these properties, cheese produced from milk containing β-casein A2 was 

harder, more cohesive, and most fractural compared to the β-casein A1 derived cheese. It has 

also been suggested that the peptide bonds of A2/A2 cheese are more resistant to enzymatic 

cleavage by rennet during ripening compared to that of A1/A1 and A1/A2 cheeses 

(Jarmołowska, Kostyra, Krawczuk, & Kostyra, 1999; Stepaniak, Fox, Sorhaug, & Grabska, 

1995).  

Softer and less cohesive cheeses have been related to lower cheese elasticity and protein 

connectivity during digestion (Lucey et al., 2003), but also easier gastric digestibility or faster 

rate of gastric emptying (Mulet-Cabero, Mackie, Brodkorb, & Wilde, 2020b). For example, 

Lamothe, Corbeil, Turgeon, and Britten (2012) explained that the non-compact protein matrix 

with more space occupied by fat globules, reduced the Cheddar cheese hardness and decreased 

its cohesiveness. Additionally, this conformational property allows for greater permeation of 

pepsin within the cheese protein network, which can lead to increased protein digestibility in 

the stomach (Huppertz & Chia, 2021). Considering that the cheese matrix structure and strength 

may also influence the protein breakdown during gastric digestion, the current research aimed 

at investigating differences in cheese manufacture, and the resulting cheese texture and matrix 

structure as a result of the milk β-casein phenotype including A1 and A2. Additionally, this 

research aimed to investigate how these differences may have contributed to any potential 

variations in the digestion properties of the cheese. 

 

2. Materials and methods  

 

2.1. Milk collection and processing  

Bovine milk (~ 1200 L) was obtained from a spring-calving herd (Irish Holstein-Friesian cows, 

Moorepark, Fermoy, Co. Cork, Ireland) in April 2023. All cows selected contained the same 

β-lactoglobulin, αs- and κ-casein variants, differing only in the β-casein A1/A1 (n cows = 10), 

A1/A2 (n cows = 10), and A2/A2 (n cows = 10) phenotypes. A control sample was collected 
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from the bulk tank containing milk from the Moorepark herd (number of cows in the herd = 

194). The cows’ genotype data was obtained from the Irish Cattle Breeding Federation database 

(www.icbf.com). Milk protein genotype was verified using Reversed Phase - High 

Performance Liquid Chromatography (RP-HPLC), as shown in Figure 1 (Daniloski, Hailu, 

Brodkorb, Vasiljevic, & McCarthy, 2024). Milks were grouped into control (bulk milk), 

A1/A1, A1/A2, or A2/A2 samples and collected on the same day. Milk collection was carried 

out in triplicate with a total of 12 independent milks collected for the study over a 1-month 

period. 

The composition of the individual raw milks was measured by MilkoScan (FOSS MilkoScan™ 

FT3, Hillerød, Denmark) for fat, protein, lactose, solid-non-fat and total solids (%, w/w) on the 

same day as collection. Milks were heated to 65 °C using a Microthermics tubular heat 

exchanger and cream separated using a centrifugal disk separator (Armfield Limited, 

Hampshire, England). The cheese milk was standardised to a protein to fat ratio of 0.95 by 

adding cream or skim milk to pasteurised whole milk. For standardisation purposes, the protein 

and fat content of the cream, skim milk and cheese milk were determined using a MilkoScan 

(FOSS MilkoScan™ FT3, Hillerød, Denmark), and 30 L of cheese milk from each group was 

subsequently pasteurised at 72 °C for 15 s using a pilot-scale tubular heat-exchanger 

(MicroThermics®, Raleigh, NC, USA). No statistically significant differences were found on 

raw or cheese milk composition between the four sample groups (p > 0.05, data not shown).  

 

2.2. Cheddar cheese manufacture 

Cheddar cheese production was performed according to Xia et al. (2020) and Lamichhane, 

Sharma, Kennedy, Kelly, and Sheehan (2019), with slight modifications. Briefly, the four 

standardised cheese milks (10 L) were transferred into cheese vats (Pierre Guerin 

Technologies, Mauze, France) and the temperature maintained at 32 °C and pH 6.55 (Mettler 

Toledo MP220; Mason Technology Ltd., Dublin, Ireland). The samples were inoculated with 

frozen direct vat starter cultures: containing 70 % Lactococcus lactis sub. lactis and 

Lactococcus lactis sub. cremoris (R-604, Chr. Hansen, Hørsholm, Denmark) and 30 % 

Lactobacillus helveticus (LH-B02, Chr. Hansen, Hørsholm, Denmark). After 40 min of pre-

ripening of cheese milk, fermentation-produced bovine chymosin (CHY-MAX Plus, Chr. 

Hansen, Hørsholm, Denmark) was added at 40 international milk clotting units/kg of milk. 

Chymosin was diluted 10-fold with deionised water prior to addition.  

http://www.icbf.com/
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All gels were cut at a constant firmness (G′) value of 35 Pa using an AR-G2 rheometer (TA 

Instruments, New Castle, DE, USA) and the resultant curd whey mixture was stirred, and 

cooked until it reached a maximum scald temperature of 38 °C. Once the curd pH reached ~ 

6.2, whey was drained and the curds were cheddared at 38 °C until the pH of curd was ≈ 5.4, 

milled, salted (2.7 % w/w) and pressed overnight (44 kPa). Three replicate trials were carried 

out, and the resultant cheese blocks (n = 12 [including repetitions], 4 groups x 3 samples from 

independent trials, with each block weighing ≈ 1.5 kg), were vacuum packed, ripened at 8 °C 

for 180 days, and were denoted as control, A1/A1, A1/A2, and A2/A2 cheeses.  

 

2.3. Rheological properties of cheese milk and cheese yield  

Viscoelastic properties were measured during renneting, whereby a 20 mL aliquot of cheese 

milk was transferred from the cheese vat 3 min after rennet addition and placed into the 

concentric cylinder on an AR-G2 rheometer (TA Instruments, New Castle, DE, USA) and time 

and frequency sweep measurements were subsequently carried out. The system was operating 

at 32 °C with a gap distance of 5,920 μm, strain amplitude of 2 % (bob diameter, 26 mm; cup 

diameter, 28 mm), and oscillation frequency 1 Hz. Changes in the elastic modulus (G') and the 

loss tangent (tan δ) of the rennet-induced cheese milks were recorded every 30 s. The total time 

to reach a G′ value of 35 Pa after rennet addition was recorded (at which time cutting of the gel 

in the cheese vat was initiated) (Everard et al., 2008). Since there were no significant 

differences in the protein, fat, and moisture contents among all cheese samples, the cheese yield 

(expressed as actual yield) was calculated as previously described (Guinee, O’Kennedy, & 

Kelly, 2006). 

 

2.4. Physicochemical properties of cheese 

Grated cheese samples (particle size of ≈ 1 mm) after 1, 30, 90 and 180 days of ripening were 

analysed in triplicate for protein content by the Kjeldahl method (ISO, 2014), fat content by 

rapid NMR fat analyser (Oracle, CEM Corp., Charlotte, NC, USA), and moisture and total 

solid contents by microwave and infrared moisture and total solids analyser (SMART 6, CEM 

Corp., Charlotte, NC, USA) (Xia et al., 2020). The pH of cheese was assessed by blending 20 

g of grated cheese with 12 mL of deionised water and measuring using a standard pH meter 

(Mettler Toledo MP220; Mason Technology Ltd., Dublin, Ireland), according to the method of 
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the British Standards Institution (1976). Total mineral content analysis was performed by an 

Agilent 5110 synchronous vertical dual view ICP-OES analyser (Agilent Technologies, Santa 

Clara, CA, USA) (Daniloski et al., 2024). Colour measurements were taken from the surface 

of Cheddar cheese blocks after each ripening period. Five replications of L* (lightness - 

darkness), a* (green - red) and b* (blue-yellow) values were taken at random locations across 

the surface of the cheeses using a spectrophotometer (Konica Minolta Sensing Europe B⋅V., 

Nieuwegein, the Netherlands) (ISO, 2008).  

 

2.5. Texture profile analysis (TPA) of Cheddar cheese  

Cheese was prepared by cutting into cubes (25 mm3) and analysed using a Texture Analyser 

TA-XT plus with a P75 probe and 50 kg load cell (Stable Micro Systems, Godalming, Surrey, 

UK) at 1, 30, 90, and 180 days of ripening. The hardness, fracturability, springiness, chewiness, 

and cohesiveness were recorded and calculated as described by Page et al. (2024).  

 

2.6. Structural properties and microscopy analysis of cheese samples 

For the conformational properties, cheese samples from every ripening time point were taken 

from the middle of each cheese wheel, kept in 50 mL Falcon tubes and immersed in liquid 

nitrogen. The frozen samples were immediately stored at - 80 °C overnight to prevent ice re-

crystallisation, including any changes in their microstructure. The samples were then 

lyophilised over a 48 h period, using a pilot scale freeze dryer (Edwards Pirani 501 freeze dryer; 

Edwards Ltd, Crawley, UK). The freeze-dried cheese samples were then analysed for 

microstructural and secondary protein conformational changes. Scanning electron microscopy 

images of the freeze-dried cheese samples were captured using a Zeiss Supra 40P field 

emission scanning electron microscope (SEM) (Carl Zeiss SMT Ltd., Cambridge, UK) at 2.00 

kV with a magnification of 4,000. Samples were prepared using double sided adhesive 

microscope stubs coated with chromium (K550X, Emitech, Ashford, UK). Additionally, the 

infrared spectra of the freeze-dried cheese samples were recorded using an Attenuated Total 

Reflectance Fourier Transform Infrared (ATR-FTIR) spectrometer (Bruker, BioATR II cell, 

INVENIO 100453, Billerica, MA, USA) controlled by a Haake K20/DC30 external water bath 

(Thermo Haake, Karlsruhe, Germany) at 37 °C. Before sample measurement, the background 

spectrum was scanned with a blank diamond ATR cell using the same instrumental conditions 
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as for the sample spectra acquisition. The freeze-dried cheese samples were scanned in the 

range of 4,000 to 900 cm−1, a resolution of 4 cm−1, and by averaging 100 scans of each 

spectrum. Fresh cheddar cheeses’ microstructure was also examined at each ripening point 

using confocal laser scanning microscopy (CLSM) and labelling proteins by the green dye 

(Lamichhane et al., 2019).  

 

2.8. Semi-dynamic in vitro gastric digestion 

 

2.8.1. In vitro semi-dynamic gastric digestion of cheese 

Digestion of the Cheddar cheese samples was conducted on the last day of ripening (Day 180) 

in triplicate using a procedure based on the semi-dynamic in vitro digestion protocol of 

INFOGEST consortium (Mulet-Cabero et al., 2020a), with some adaptations on the cheese 

bolus preparation, as described by Morzel, Ramsamy, and Le Feunteun (2023). The simulated 

electrolyte fluids, namely, Simulated Salivary Fluid (eSSF) and Simulated Gastric Fluid (eSGF 

at pH 7) were prepared as described in the INFOGEST standardised static in vitro digestion 

(Brodkorb et al., 2019). All enzymes’ activities were assayed, according to Brodkorb et al. 

(2019). 

Briefly, grated cheese samples (20 g) were mixed at a ratio of 1:1 with simulated salivary fluid 

(SSF) without amylase and macerated for 4 min in a stomacher (BagMixer 400P, Interscience, 

Saint Nom, France) to simulate mastication. The prepared samples were subsequently added 

to a double - wall 70 mL jacketed glass vessel (ref. 6.1418.250, Metrohm, Dublin, Ireland) 

maintained at 37 °C by circulating water. The vessel was equipped with a lid with openings to 

monitor the pH using a titration unit (800 Dosino, Metrohm, Zofingen, Switzerland). An 

overhead stirrer (OHS 200 Digital, VELP R Scientifica, Usmate Velate, Italy or CAT R 100 

CT, Ingenieurbüro CAT M. Zipperer GmbH, Staufen, Germany) fitted with a 3D action shaker 

(Mini-gyro rocker, SSM3 Model, Stuart, Barloworld Scientific Ltd., Stone, Staffordshire, UK) 

operating at 20 rpm was used for agitation. The gastric phase was performed by adding 9.98 

mL eSGF, porcine pepsin (4,000 U mL-1 of digesta, P-6887, Sigma-Aldrich, Arklow, Co. 

Wicklow, Ireland) and pancreatic lipase (60 U mL-1 of digesta, L3126, Sigma-Aldrich, Arklow, 

Co. Wicklow, Ireland) along with the slow addition of 0.5 M HCL (Sigma-Aldrich, Arklow, 

Co. Wicklow, Ireland) to gradually reduce the pH down to 2. Gastric emptying (GE) was 
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simulated by taking 4 samples, referred to as GE points in the text, based on the caloric value 

of the cheese and a gastric emptying rate of 2 kcal min-1, as described in Mulet-Cabero et al. 

(2020a), which resulted in a total gastric emptying time of 63.16 min. The GE samples were 

removed as following: 15.79 min (GE 1), 31.58 min (GE 2), 47.28 min (GE 3) and 63.16 min 

(GE 4). The pH of the digesta emptied from the gastric vessel at an interval of 15-min was 

measured by a CyberScan pH meter 510 (Eutech Instruments, Singapore).  

 

2.8.2. Properties of gastric digesta 

The digested samples (10 mL) were taken from the bottom of the vessel using a serological 

pipette with a tip internal diameter of 2 mm as it resembles approximately the upper limit of 

the particle size that has been seen to pass through the pyloric opening into the duodenum 

(Mulet-Cabero et al., 2020a). The structure of the digesta (aliquot of 1 mL of fresh digest 

samples was kept on an ice for a very short time) was observed using CLSM with the labelling 

of fat and proteins. In the double stained samples, the fat phase was coded in red (Nile Red, 

C20H18N2O2, Sigma Aldrich, Merck Life Science Ltd., Cork, Ireland) and the protein phase was 

coded in green (Fast Green, FCF; C37H34N2Na2O10S3, Cayman Chemical, Ann Arbor, MI, 

USA) (Mulet-Cabero, Mackie, Wilde, Fenelon, & Brodkorb, 2019).  

Digesta samples (6 mL per GE point) needed for protein structure fingerprinting and protein 

profiling, were snap frozen with liquid nitrogen, freeze-dried (Edwards Pirani 501 freeze dryer; 

Edwards Ltd, Crawley, UK) and stored at - 80 °C, until further analysis. The protein content 

of the freeze-dried cheese samples (section 2.4.) and freeze-dried digesta of all four GE points 

were determined by the Dumas method using a LECO FP628 Protein analyser (LECO Corp., 

St. Joseph, MI, USA). Also, the cheese samples obtained before and during simulated gastric 

digestion were analysed by sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) using 4 - 12 % tris-glycine polyacrylamide gels (Invitrogen, CA, USA) to observe the 

protein profiling and their subsequent breakdown during the gastric digestion, following the 

supplier instruction (Arranz et al., 2023). Fourier Transform Infrared Spectroscopy (see section 

2.4.) operating at 37 °C evaluated the structural properties of the digested samples, taking into 

consideration the background (sSGF and pepsin) that was collected before every sample 

measurement (Daniloski et al., 2024).  
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2.9. Statistics and multivariate analysis   

Triplicate trials were undertaken for Cheddar cheese manufacture from each milk type. The 

effect of the fixed factor (β-casein phenotype for both cheese and gastric digesta samples) was 

taken into consideration for all data. The data was analysed using a one-way ANOVA and 

when significant differences (p < 0.05) were found, the means were compared using Tukey’s 

multi-comparison test. All analyses were performed using Minitab 20 (Minitab Inc., State 

College, Pennsylvania, USA). The Origin software (Origin Pro 2023, v. 95E, OriginLab 

Corporation, Northampton, MA, USA) quantified the second derivative FTIR spectra of both, 

freeze-dried cheeses and their digesta samples (Daniloski, McCarthy, O'Callaghan, & 

Vasiljevic, 2022b). All measurements were carried out in triplicate, on each cheese block 

across each ripening period. 

 

3. Results  

 

3.1. Compositional properties of cheese milk, cheese, and cheese yield  

The composition of the control, A1/A1, A1/A2 and A2/A2 cheese milks varied only slightly 

(p > 0.05), with fat content ranging between 3.52 - 3.80, total protein between 3.31 - 3.53, 

casein content between 2.62 - 2.79, and lactose ranging from 4.65 - 4.83 (%, w/w). Also, both 

the calcium and phosphorus content were similar across all cheese milks and ranged between 

30 and 33 mM (p > 0.05). These values were typical for Irish milk obtained in early lactation 

(Timlin et al., 2021). The chemical composition of the Cheddar cheese samples, produced from 

the control, A1/A1, A1/A2 and A2/A2 cheese milks, and measured after 180 days of ripening, 

were all very similar in terms of fat, total protein, casein protein, moisture, calcium, 

phosphorus, and cheese colour (Table 1), and were in-line with values previously shown for 

full-fat Cheddar cheese (Fenelon & Guinee, 2000). The similarity in composition between 

cheese samples is probably in part due to the standardisation of the protein-to-fat ratio in the 

cheese milks. Importantly, the genetic variant of β-casein had no effect on any compositional 

components in the cheese nor to the cheese yield (Table 1; p > 0.05). 

 

3.2. Rheological properties of cheese milks 
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The development of the gel structure was measured by rheology and the values of the elastic 

modulus (G’) for all four milks are shown as a function of time (Figure 1). Each milk sample 

showed a coagulation point, defined as the point for the loss tangent (tan δ) = 1, between 15 

and 30 min. Coagulation commenced in the control, A1/A1, and A1/A2 milks ≈ 16 min after 

rennet addition, compared to A2/A2 milk which started to coagulate at ≈ 20 min, reflecting the 

formation of a weaker gel with reduced elastic behaviour, compared to all other samples (p < 

0.05, Figure 1 B). There was a significant increase in G’ measured after 30 min of coagulation 

in all milks (Figure 1 B), but the fastest cutting point time (G’ = 35 Pa) was assigned to both, 

control and A1/A1 milks (t ≈ 32 min), followed by A1/A2 (t ≈ 36 min), and finally A2/A2 

milks (t ≈ 56 min). The tan δ profiles measured as a function of time (Figure 1 C) showed a 

significant difference among the samples, with the change in tan δ observed for control and 

A1/A2 milks being very similar, namely they decreased at the start of the coagulation and then 

plateaued with a maximum tan δ (0.13 for control milk and 0.17 for A1/A2 milk) at 31 min, 

before decreasing again by the end of the process. The tan δ at its maximum was significantly 

higher for A2/A2 milk (0.27), compared to all three milk samples containing β-casein A1 (p < 

0.05) (Figure 1 C). It is also worth noting that the tan δ of A1/A1 milk plummeted at 22 min 

after which time it experienced a plateau period until 32 min and then again slightly decreased 

thereafter (Figure 1 C).  

 

3.3. Texture of Cheddar cheeses throughout ripening  

In general, the heterogeneous samples of the control and A1/A2 cheese on day 1 had the highest 

hardness, fracturability, and cohesiveness (Figure 2), and remained greater compared to those 

in the other cheese types (p < 0.05) throughout the ripening period. A significant decrease in 

the cheese hardness (27 - 48 %), fracturability (30 - 65 %), and cohesiveness (33 - 61%) was 

observed during ripening for all samples (Figures 2 A, B, and E). It is worth mentioning, the 

cheese hardness was significantly correlated with both cohesiveness (r = 0.83) and 

fracturability (r = 0.95) during all ripening times (p < 0.05). Even though springiness and 

chewiness decreased during cheese ripening, analysis in all four cheese types revealed only 

minor differences in these two TPA attributes between 90 and 180 days of cheese ripening (p 

> 0.05, Figures 2 C and D).  

 

3.4. Microstructural of Cheddar cheeses throughout ripening  
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SEM images of cheese samples taken from each ripening point is shown in Figure 3 A. The 

microstructure of A2/A2 cheese on day 1 was clearly different from that of the other cheese 

samples. Its microstructure was more open which particularly resembled the impaired 

coagulation properties of its counterpart milk (Figures 1 B and C). The progressive aggregation 

of the casein throughout cheese-making (between days 30 and 90), to form an essentially 

homogeneous matrix containing entrapped fat, was most easily observed in the micrographs 

(note: within this study, only the importance of the protein matrix, but not the fat matrix on 

cheese-making, was taken into consideration). The protein network within all four cheese types 

became progressively coarser, but only until the first month of ripening where lumpy structures 

were observed (Figure 3 A). On the contrary, small gaps that became bigger, indicated by the 

black regions, were observed between 90 and 180 days of ripening (Figure 3 A). Better 

visualisation of the relative locations within the chesses, but also the effect of the protein matrix 

on samples’ structure at any period of ripening, was observed by CLSM (Figure 3 B). Here 

again, after the first 30 days of ripening, the casein strands further fused together, closing most 

of the gaps in the curd microstructure. In contrast, as the ripening time progressed, the protein 

network was expected to break down. As viewed in the microstructure at day 90, the cheeses 

became more hydrated and expanded as the protein channels lengthened (Figure 3 B). Thus, 

the slower collapse of the casein matrix during cheese ripening probably occurred because of 

the thinner casein strands. The porosity visualised on the micrographs increased slightly with 

time in all cheese types, with the day 180 data being significantly higher than the other data 

points (Figure 3 B). Interestingly, the slightly more open structure and elongated protein 

channels in control and A1/A1 cheeses may have contributed to the significantly lower 

hardness and cohesiveness compared to the same texture attributes in other cheese types (p < 

0.05, Figure 2). Cheeses made using A2/A2 milk had the densest protein matrix of all the 

cheeses, followed by A1/A2 cheese. 

 

3.5. Protein conformational alternations of Cheddar cheeses throughout ripening  

Quantification of changes in the secondary structure of the milk proteins in the cheeses within 

the Amide I band on the FTIR spectrum is shown in Table 2. During ripening, a marked 

variation in a band around 1640 cm-1 was evident, i.e., higher presence of random coils, 

indicating more unfolding of the protein secondary structure and therefore a softer and less 

cohesive cheese matrix (p < 0.05). These structural motifs increased between 20 - 37 % in all 
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samples over the ripening period of 180 days (Table 2). In contrast, as the samples matured, a 

decline in the proportion of α-helixes (20 - 50 %), and aggregated β-sheets (45 - 80 %), were 

observed in all four cheeses. Interestingly, on the last ripening point, A2/A2 cheese carried the 

highest amount of aggregated β-sheets in comparison to the other phenotypes (p < 0.05, Table 

4). Thus, random coils and β-sheets in the present study seem to be involved, at least to some 

extent, in the structuring of the cheese matrices (p < 0.05). For instance, A2/A2 cheese had 

pronounced hardness and cohesiveness values at the end of the ripening period (p < 0.05, 

Figures 2 A and E) and also contained the lowest amount of random coils (p < 0.05, Table 2) 

in comparison to the other cheese variants. The secondary protein structure also exhibited a 

significant correlation with both, hardness, and cohesiveness of the cheeses (p < 0.05) with 

correlation coefficients ranging between 0.55 - 0.96 for all samples.  

 

3.6. In vitro semi-dynamic gastric digestion of cheese samples 

 

3.6.1. In vitro gastric pH profile 

Changes in the pH profile was monitored during in vitro gastric digestion of the samples. The 

four cheeses, with initial mean pH around 5.20, showed no buffering differences in the oral 

phase (p > 0.05, Figure 4 A). Following this, the samples possessed slightly different pH 

profiles during different phases of the gastric digestion process, where the pH decreased 

continuously throughout digestion, reaching values ≈ pH 4 halfway through the digestion, and 

≈ pH 2 by the end of the experiment (p < 0.05, Figure 4 A). The progressive pH decrease was 

related to the continuous secretion of gastric fluid containing acid as well as the reduction of 

buffering capacity of the digested cheese by gastric emptying, thus providing a more favourable 

environment for the pepsin activity. Although, the pH curves of control and A2/A2 cheeses 

were visually different compared to the other samples, only the curve of the A2/A2 cheese 

significantly differed from the other variants (Figure 4 A, p < 0.05). These observed variations 

in the pH curve among the samples might occur due to differences in the cheese buffering 

capacity, which were probably prompted by structural or kinetic alternations in the curd 

formation caused by the enzymatic coagulation (p > 0.05, Table 1).  

 

3.7.2. Protein breakdown during gastric digestion of cheeses  
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The protein composition of the cheese types during the gastric phase was studied by SDS-

PAGE (Figure 5). The bands corresponding to the cheese types in the oral phase did not differ 

among samples, but β-lactoglobulin was present in higher proportions in the control and A2/A2 

cheeses based on the intensity of the associated band on the gels. Moreover, until GE 2 there 

were no visually significant differences among the samples. The digestion patterns of A1/A1, 

A1/A2, and A2/A2 cheeses were more similar than that of the control cheese until GE 3. At 

GE 4 the greatest protein breakdown was observed in the control and A1/A1 cheeses, followed 

by A1/A2 and finally A2/A2 cheeses.  Casein bands were detectable between GE 1 and GE 3 

but were almost completely faded at GE 4 (Figure 5). More specifically, both κ- and para-κ-

casein bands (≈ 20 and 15 kDa, respectively) were almost completely absent in all four cheese 

samples at 48 min, however, their bands were still more intense in A1/A2 and A2/A2 cheeses. 

The intensities of all other protein bands including, αS-casein (αS1- + αS2-caseins), β-casein, and 

β-lactoglobulin decreased gradually in the samples as digestion progressed (Figure 5). Towards 

the end of the digestion time (≈ 63 min), the digesta appeared to contain little to no intact 

protein and consisted mainly of peptides (Figure 5). In contrast to control and A1/A1 cheese 

types, at the end of digestion, some casein and β-lactoglobulin bands were still faintly visible 

in A1/A2 and A2/A2 samples.  

 

3.7.3. Micro-structural characterisation of the cheese gastric digesta 

Cheese matrix disintegration was visually low during the oral phase, but it was advanced during 

the gastric digestion (Figure 4 B). Interestingly, for all four samples, the oral digesta matrices 

were comprised of a high amount of α-helixes, but particularly in A1/A2 and A2/A2 cheeses, 

which might be due to the bigger cohesiveness of these cheese types (p < 0.05, Table 3). This 

observation was further supported by the moderate to high correlation coefficients between the 

chosen cheese textural property and α-helixes for all cheese types (p < 0.05, r = 0.49 - 0.99). 

The degradation profile of the matrix in the gastric phase varied markedly according to the type 

of cheese. At an early stage of the gastric digestion (15 min), a close-knit network of proteins 

was observed for all cheese types; nevertheless, during and after GE 1, the digesta matrix 

started its slow disintegration (Figure 4 B). Fat globules were distributed homogeneously in 

the protein matrix from all cheese samples, and some fat globules were also observed in the 

aqueous phase (note: fat globules were not further discussed, since the protein matrix was the 

scope of the current study). Although the knit protein network started breaking down in all 
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samples in a similar fashion (GE 2), at around 47 min of the gastric digestion, A2/A2 digesta 

possessed a protein matrix that was less open compared to the other digesta samples (GE 3, 

Figure 4 B). Herein, the A2/A2 digesta possessed the highest level of aggregated β-sheets (p < 

0.05, 23 % larger than A1/A2, 78 % larger than A1/A1, and 76 % larger than the control GE 3 

digests, Table 3). Once again, aggregated β-sheets within all digesta samples were strongly 

correlated to the cohesiveness of their counterpart cheeses (p < 0.05), with correlation 

coefficients ranging between 0.81 and 0.96. 

The extent of protein matrix degradation and the more open curd structure as visualised in 

Figures 4 B and 5 at the final digestion times, was noticeably lower for A2/A2 cheese than for 

the other cheeses. The depicted structural differences might be attributable to the elastic, 

cohesive, and firmer texture of A2/A2 cheese in contrast to the other samples (p < 0.05, Figure 

2). The visualised matrix degradation in the gastric phase was also lower for A1/A1 cheese. At 

the end of the digestion it reached similar levels to those observed for the control cheese. The 

A1/A1 digesta experienced a higher matrix breakdown than the one in A1/A2 digesta (Figure 

4 B). The level of random coils, between GE 3 and GE 4 in all four digesta samples, increased 

significantly (p < 0.05, between 30 and 80 %), with their content in the following order: control 

> A1/A1 > A1/A2 > A2/A2 (p < 0.05, Table 6). Thus, the protein breakdown shown in Figure 

5, along with the opening of the protein matrix (Figure 4 B) and high level of random coils 

(Table 3), appeared to be bigger in the digesta samples carrying either β-casein A1 or a mixture 

of both β-caseins, but lower in A2/A2 digesta, likely due to the greater protein breakdown by 

pepsin. Also, cheese cohesiveness and hardness were significantly correlated to all three, α-

helixes, aggregated β-sheets, and random coils derived from the oral digesta and all four gastric 

digesta points of the samples (p < 0.05, r = 0.44 - 0.98). 

 

4. Discussion  

The general properties of rennet-induced gels important for cheese production are now well 

established. The mechanism by which the casein molecules are destabilised by the addition of 

rennet in milk has attracted much attention during the last century and there is an extensive 

knowledge in the literature (Berridge, 1942; Horne & Lucey, 2017; Lucey et al., 2003; Lucey, 

2022; Wright, 1924). One of the important topics investigated, has been the impact of caseins, 

but particularly κ-casein, and its genetic profile on the structure and the physicochemical 

characteristics of rennet gels (Hansson, Pettersson, & Schaar, 1985; Jensen et al., 2012; Poulsen 
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& Larsen, 2021; Schaar, 1984). Nevertheless, associating the rennet gel properties and cheese 

production to either homozygous β-caseins A1 and A2 or the mixture of both, has received less 

attention.  

In this regard, Hallén, Allmere, Näslund, Andrén, and Lundén (2007) and Poulsen et al. (2013) 

found that the milk with the κ-casein A, but especially its B variant, were associated with a 

higher amount of κ-casein, smaller casein micelles, increased whey protein expulsion, 

decreased curd firming time, firmer rennet gels and improved cheese-making traits. This might 

be the case in the present study, since the control milk had both κ-casein variants and gelled 

faster than all other milks, but not compared to A1/A1 sample (Figure 1, p < 0.05). Despite that 

A1/A1, A1/A2, and A2/A2 milks had the same genetic variant of κ-casein (A) and insignificant 

differences in the levels of κ-casein and total proteins (p > 0.05), A2/A2 milk took longer to 

reach the onset of coagulation gel strength (p < 0.05, Figures 1 B and C). Therefore, it is 

difficult to assign effect on milk coagulation to a certain casein variant, because the casein 

molecules are known to be tightly linked (Huppertz, Fox, & Kelly, 2018). Hence, it is important 

to be considered the impact of cow aspects, such as health status, lactation stage, and parity, as 

well as the content and relative proportions of caseins and minerals in milk, pH and 

temperature, that are known to correlate well with the casein genotype and milk coagulation 

properties (Ikonen, Morri, Tyrisevä, Ruottinen, & Ojala, 2004).  

Initially, A2/A2 cheese had the lowest hardness and cohesiveness (Figure 2), but at the end of 

the cheese maturation this cheese was firmer, more cohesive, and carried a higher level of 

aggregated β-sheets, compared to all other cheese types (p < 0.05, Figures 2 and 3, Table 2). 

This significant change in the cheese properties might happen due to the origin of the time-

dependent behaviour of cheese that lies in its structure, which is not static; the majority of 

bonds between structural elements, particularly among caseins are not permanent. These bonds 

occasionally break and reform due to Brownian motion, thus mainly leading to protein 

unfolding during cheese maturation (Lucey et al., 2003; Van Vliet, Van Dijk, Zoon, & Walstra, 

1991). Therefore, the random coils in all three cheeses carrying β-casein A1 increased during 

the cheese ripening (p < 0.05). These conformational motifs resemble open, highly hydrated 

state presented by the molecules in solution, exposure of hydrophobic groups and weakening 

hydrogen bonds, breakage of α-helixes and aggregated β-sheets, and are predominately related 

to impaired firmness of a gel (Daniloski, McCarthy, Gazi, & Vasiljevic, 2022c; Daniloski et 

al., 2022b; Farrell, Qi, Wickham, & Unruh, 2002; Farrell, Wickham, Unruh, Qi, & Hoagland, 

2001). The study of Wang et al. (2023) found that cheese with higher levels of random coils, 
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but lower levels of ordered secondary structure, were less cohesive and softer, which 

corroborates with the current study’s results (Figure 2 and Table 2).  

During cheese ripening, proteolysis of milk proteins plays an important role on chemical, 

physical and sensorial properties of cheese (Lamichhane, Kelly, & Sheehan, 2018). The 

addition of rennet into milk, as explained elsewhere, is responsible of inducing the formation 

of a milk gel due to destabilisation of the casein micelles (Dalgleish, 1979). Rennet activity 

still occurs during the whole cheese-making process and ripening time, leading to the 

breakdown of αs- and β-caseins during primary proteolysis (Fox, 1989). Proteolysis of the 

Cheddar cheese matrix during ripening decreases both, cheese firmness and cohesiveness that 

might be the case in the present study (Fenelon & Guinee, 2000). Very recently, Gai et al. 

(2024) explained that cheeses with β-casein A1 had significantly higher levels of primary 

proteolysis compared to A2/A2 cheese by the end of the first month of cheese ripening, 

nevertheless, at the end of cheese maturation, its levels were comparable among the samples 

(p > 0.05).  

Additionally, the starter cultures, including Lactococcus lactis sub. Lactis and cremoris, 

commonly used in cheese manufacture, also utilised within this study, possess a principal role 

of lactic acid production, causing a decrease in pH and breaking down the milk proteins in 

cheese into shorter peptides (Fox, McSweeney, & Lynch, 1998). Even though these lactic acid 

bacteria are weakly proteolytic, they have a cell envelope-associated proteinase, such as X-

prolyl dipeptidyl aminopeptidase (PepX) that has affinity toward proteins and peptides 

containing proline residues. To be more specific, peptides containing proline residues are 

known to be hydrolysed by a bacterially derived PepX enzyme (Muehlenkamp & Warthesen, 

1996; Sousa, Ardö, & McSweeney, 2001). Namely, β-casein is found to carry the highest 

amount of proline residues compared to all other caseins (17 %) evenly distributed along its 

polypeptide chain (34 and 35 proline residues are found in β-casein A1 and A2, respectively) 

(Huppertz et al., 2018). Importantly, β-casein A2 has an additional proline residue in its 67 

position that protects it from hydrolysis at the N-terminal amino acid residue by most bacterial 

aminopeptidases (Nguyen, Johnson, Busetti, & Solah, 2015). However, this peptide is still 

susceptible to hydrolysis by PepX activity, although to a less extent as compared to β-casein 

A1 (De Noni, Stuknytė, & Cattaneo, 2015). It has been postulated that the peptide bond in β-

casein A1 between isoleucine66 and histidine67 was more susceptible to enzymatic cleavage 

compared to that in β-casein A2 between isoleucine66 and proline67 (De Noni et al., 2015; 

Muehlenkamp & Warthesen, 1996; Nguyen et al., 2015). This might give an indication behind 
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the reason of the significantly lower hardness and protein network incoherence of control, 

A1/A1 and to lesser extent in A1/A2 than in A2/A2 cheeses (Figures 2 and 3).  

Furthermore, Markoska (2023) by using molecular modelling evaluated the tertiary structure 

of two peptides with 11 amino acids from both, β-casein A1 (Tyr-ProPhe-Pro-Gly-Pro-Ile-His-

Asn-Ser-Leu) and β-casein A2 (Tyr-ProPhe-Pro-Gly-Pro-Ile-His-Asn-Ser-Leu). The author 

found that the conformation of β-casein A1 peptide was more specious and not packed into the 

tertiary structure as the β-casein A2 peptide (Markoska, 2023). Namely, the close packing of 

the molecule that hid the isoleucine66 and proline67 bond internally in β-casein A2, possibly 

restricts access to proteases, thus lowers the extent of cleavage of β-casein A2, and 

consequently rendering firmer cheese, but also more cohesive (Figure 2). Raynes, Day, 

Augustin, and Carver (2015) explained that due to the higher hydrophobic environment of β-

casein A2, the interactions of this protein with other caseins would be enhanced, thus leading 

to tighter packing within the casein micelle, which supports the observations of Markoska 

(2023). Although these structural changes are noted in peptides (Markoska, 2023) or isolated 

β-caseins (Raynes et al., 2015), it must be noted that cheese is a system composed of different 

types of milk proteins and their genetic variants, each that might affect the structural 

arrangements of the molecule, and subsequently the structure and functionality of the cheese.  

Numerous studies have explained the importance of the cheese matrix on subsequent gastric 

digestibility (Fang, Rioux, Labrie, & Turgeon, 2016; Lamothe et al., 2012; Tran Do & Kong, 

2018; Žolnere, Arnold, Hull, & Everett, 2019). Most of them commonly accepted the theory 

that harder and more cohesive cheeses are emptied slower as they need more time to 

disintegrate during the gastric digestion, which is in line with the present study (Figures 2 and 

3). Low cohesion of the cheese matrix could explain the behaviour of control and A1/A1 

cheeses in the gastric phase. Indeed, these cheese matrices were more fragile and underwent 

higher protein breakdown within 63.16 min of gastric digestion (p < 0.05, Figures 4 and 5). 

Hence, control and A1/A1 samples were more susceptible to degradation by pepsin. One 

possible explanation might be the unrevealed peptide bond within the structure of β-casein A2 

that can lower the pepsin accessibility, which leads to lowered protein breakdown in A1/A2 

and A2/A2 digesta samples (see above) (Markoska, 2023). Additionally, Thorn et al. (2005) 

revealed that β-casein, which contains a relatively large quantity of proline, may manipulate 

the inherently unstable monomers of native κ-casein by binding to and shielding their 

hydrophobic surfaces, which might be the case in the current A2/A2 cheese examined in this 

study. If that is the scenario, the binding will lower the interactions of κ-casein with other 
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molecules (pepsin), that would lead to an increased quantity of κ-casein in the digesta, still 

faintly visualised in the SDS-PAGE, between GE 3 and GE 4 point of A1/A2 and A2/A2 

cheeses digesta. The bigger protein breakdown was also attributed to weakly cross-linked 

protein structure and altered secondary protein conformation with larger quantities of random 

coils observed in the control and A1/A1 cheese digesta, particularly in their GE 4 phases (p < 

0.05, Table 3). In this regard, increased quantities of random coils are related to poor structural 

stability in the cheese digesta, which may be due to the breakdown of the proteins as a result 

of the pepsin activity (Daniloski et al., 2024).  

 

5. Conclusion  

The manufacture of Cheddar cheese from standardised milk containing only the β-casein 

A2/A2 variant led to a longer onset time for rennet coagulation with control, A1/A1, and A1/A2 

samples having greater gel strength in a shorter period compared to A2/A2 milk. Although 

during ripening the cheeses had similar composition with insignificant differences (p > 0.05), 

control and A1/A1 cheeses were less firm and less cohesive compared to A1/A2, but 

specifically to A2/A2 samples. The associated findings of the A2/A2 cheese may also be related 

to the increased content of aggregated β-sheet structures (protein motif related to a packed state 

and greater connection among caseins, but also cheese with improved hardness and 

cohesiveness). Even though the textural properties decreased, and the cheese matrix 

experienced greater disintegration during ripening in all cheeses, the denser protein structure 

and compact matrix formed in A2/A2 cheese probably impeded diffusion of gastric juice 

containing pepsin and acid, resulting in slower protein breakdown as opposed to all other 

samples. This suggests that the lower protein degradation is attributable to the characteristics 

of the cheese matrix, which partially resists the gastric environment. To what extent the higher 

protein breakdown in all cheeses carrying β-casein A1 might influence liberation of peptides 

during cheese ripening or during their intestinal digestion, requires further evaluation in future 

studies. Overall, the production of Cheddar cheese from A2/A2 milk will affect current 

manufacturing processes, but it is important to note that delays in rennet coagulation time may 

be rectified by addition of processing aids. However, this was not part of the current study. 

 

Acknowledgements 



 

253 

 

Davor Daniloski is supported by both the VU International Postgraduate Research Scholarship 

(VUIPRS) and Teagasc - the Agriculture and Food Development Authority (Walsh Scholarship 

Programme, Ireland) that was registered with the Victoria University (Funding Agency ID: 

2019039). Conor Fitzpatrick and Andre Brodkorb are funded by Science Foundation Ireland 

(SFI) and the Department of Agriculture, Food and Marine on behalf of the Government of 

Ireland under Grant Number [16/ RC/3835] - VistaMilk. The authors acknowledge the 

assistance of team at the Moorepark Dairy Farm in Teagasc Animal and Grassland Research 

and Innovation Centre in collecting milk samples. Some of the figures are created with 

BioRender.com. 

 

Author Contributions 

Davor Daniloski conceived the study and research question; designed and wrote the original 

draft, conceptualised, reviewed, edited the manuscript, designed the tables and the figures. 

Davor Daniloski and Richard Page prepared the methodology, formal analysis and 

investigation. Prabin Lamichhane, Conor J. Fitzpatrick, Mark Timlin and André 

Brodkorb gave critical feedback and analysis, reviewed and edited the manuscript. Todor 

Vasiljevic and Noel A. McCarthy provided critical feedback and analysis, secured funding, 

reviewed and edited the manuscript and supervised the study. All authors have contributed to 

the manuscript and reviewed the final version. 

 

 

 

 

 

 

 

 

 

 

 

 



 

254 

 

Figures  

 

Figure 1. A) RP-HPLC chromatographic profiles used for identification of different milk 

samples (1 = κ-casein A/A; 2 = αs2-casein A/A; 3 = αs1-casein B/B; 4 = β-casein [A1/A1, 

A1/A2, and A2/A2]; 5 = α-lactalbumin; 6 = β-lactoglobulin A/B). B) Elastic modulus (G’) as 

a function of time during coagulation of cheese milks. C) Loss tangent (tan δ) as a function of 

time during coagulation of cheese milks. Control (orange hexagon), A1/A1 (blue star), A1/A2 

(green square), and A2/A2 (purple triangle) cheese milks. Data shown are average values of 

data from three collections. Error bars represent standard deviation. 

 

Figure 2. Cheese texture: A) hardness; B) fractuability; C) springiness; D) chewiness; E) 

cohesiveness at different ripening times. Control Cheddar cheese (orange Hexagon); A1/A1 

Cheddar cheese (blue star); A1/A2 Cheddar cheese (green square); A2/A2 Cheddar cheese 

(purple triangle). Error bars represent standard deviation. 

 

Figure 3. A) SEM and B) CLSM micrographs of Cheddar-type cheeses during ripening times. 

Control Cheddar cheese (orange Hexagon); A1/A1 Cheddar cheese (blue star); A1/A2 Cheddar 

cheese (green square); A2/A2 Cheddar cheese (purple triangle). Scale bar for SEM is 100 μm 

(magnification = 200 X) and for CLSM is 75 μm. 

 

Figure 4. A) Change in pH of the Cheddar cheese during gastric digestion. Error bars represent 

standard deviation. B) CLMS micrographs of the clots obtained during the gastric digestion of 

cheeses at different times, scale bars represent 250 µm. Control Cheddar cheese (orange 

Hexagon); A1/A1 Cheddar cheese (blue star); A1/A2 Cheddar cheese (green square); A2/A2 

Cheddar cheese (purple triangle).  

 

Figure 5. SDS-PAGE patterns under reducing conditions of oral and GE 1 - 4 phases obtained 

during the gastric digestion of Cheddar cheeses at different times. BSA (Bovine Serum 

Albumin); Igs (Immunoglobulins); β-Lg (β-lactoglobulin), α-lactalbumin (α-La). Control 

Cheddar cheese (orange Hexagon); A1/A1 Cheddar cheese (blue star); A1/A2 Cheddar cheese 

(green square); A2/A2 Cheddar cheese (purple triangle).
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Table 1. Composition and physicochemical properties of Cheddar cheeses (180-day of ripening). 

Parameter  
Cheddar cheeses 

Control A1/A1 A1/A2 A2/A2 

Protein (%) 26.19 ± 0.52 a 25.63 ± 0.13 a 25.62 ± 0.73 a 25.69 ± 0.17 a 

Fat (%) 33.05 ± 0.39 a 33.68 ± 0.22 a 33.18 ± 0.20 a 33.06 ± 0.34 a 

Moisture (%) 35.09 ± 0.25 a 35.42 ± 0.43 a 35.76 ± 0.33 a 35.66 ± 0.86 a 

Total calcium (mg/100 g cheese) 821.67 ± 30.75 a 787.19 ± 56.11 a  829.29 ± 36.05 a 780.12 ± 25.69 a 

Total phosphorus (mg/100 g cheese) 577.94 ± 11.91 a 512.69 ± 35.57 a 539.75 ± 25.02 a 514.86 ± 13.74 a 

pH 5.30 ± 0.01 a 5.30 ± 0.01 a 5.27 ± 0.01 a 5.21 ± 0.01 a 

Cheese yield (%) 10.13 ± 0.49 a 9.82 ± 0.09 a 10.03 ± 0.52 a 9.91 ± 0.23 a 

Colour - L 76.32 ± 0.71 b 77.50 ± 0.80 a 77.29 ± 1.01 a 77.22 ± 0.67 a 

Colour - a* - 4.21 ± 0.09 a - 4.31 ± 0.11 a - 4.33 ± 0.22 a - 4.36 ± 0.15 a 

Colour - b* 28.45 ± 1.03 ab 28.50 ± 0.77 ab 29.18 ± 0.64 a 27.79 ± 0.84 b 

Cutting point time, G’ = 35 Pa (min) 32.26 ± 0.05 c 32.14 ± 0.11 c 36.28 ± 0.32 b 55.98 ± 0.18 a 

 

Mean values (± standard deviation, n = 3 measurements) within a row that do not share a common superscript letter are significantly different (p 

≤ 0.05). 
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Table 2. Total percentage areas of different secondary structures in Amide I in Control, A1/A1, A1/A2, and A2/A2 Cheddar cheeses depicted with 

FTIR spectroscopy. 

Sample 

                                                                             Peak area (%) - Day 1 

Side chain 
Intramolecular β-

sheet 
Random coil α-helix β-turn 

Aggregated 

β-sheet 

Control 0.76 ± 0.07 d 0.19 ± 0.08 f 26.81 ± 4.17 c 33.86 ± 7.95 a 5.92 ± 1.01 d 42.46 ± 2.62 a 

A1/A1 1.21 ± 0.41 cd 6.02 ± 2.35 de 25.17 ± 0.27 c 25.85 ± 3.02 c 5.47 ± 1.30 de 36.28 ± 2.65 b 

A1/A2 0.68 ± 0.06 d 4.98 ± 0.26 e 23.29 ± 5.20 d 32.22 ± 6.15 a 7.47 ± 3.89 c 31.36 ± 1.47 c 

A2/A2 1.49 ± 0.40 c 6.07 ± 0.67 de 23.18 ± 3.99 d 32.03 ± 0.98 a 4.91 ± 0.00 e 32.32 ± 3.27 cd 

Peak area (%) - Day 30 

Control 0.80 ± 0.16 d 3.61 ± 0.42 e 29.57 ± 6.99 b 26.56 ± 2.05 b 5.88 ± 0.80 d 33.58 ± 0.12 bd 

A1/A1 2.26 ± 0.30 b 8.88 ± 2.47 cd 31.01 ± 2.50 b 27.39 ± 2.98 b 6.74 ± 1.30 c 23.72 ± 3.01 de 

A1/A2 1.46 ± 0.03 c 10.92 ± 0.21 c 31.03 ± 1.06 b 26.23 ± 0.39 b 6.00 ± 0.22 d 24.36 ± 0.28 de 

A2/A2 1.42 ± 0.06 c 13.63 ± 2.27 b 26.65 ± 2.26 c 25.31 ± 0.82 c 5.82 ± 0.27 d 27.17 ± 3.50 cd 

Peak area (%) - Day 90 

Control 0.35 ± 0.01 de 11.29 ± 0.45 c 24.73 ± 1.23 d 31.01 ± 1.40 cd 7.16 ± 1.08 c 25.45 ± 1.11 d 

A1/A1 1.37 ± 0.38 c 7.89 ± 0.53 d 34.58 ± 3.23 c 24.47 ± 1.10 a 5.23 ± 0.61 de 26.46 ± 0.61 d 

A1/A2 0.72 ± 0.05 d 12.91 ± 1.48 b 29.81 ± 1.41 c 26.21 ± 0.50 b 6.03 ± 0.17 cd 24.31 ± 2.61 de 

A2/A2 2.60 ± 0.09 b 13.62 ± 1.15 b 22.90 ± 0.22 de 26.00 ± 0.80 d 6.35 ± 1.17 cd 28.52 ± 0.52 cd 

Peak area (%) - Day 180 
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Mean values (± standard deviation, n = 3 measurements) within a column that do not share a common superscript letter are significantly different 

(p ≤ 0.05). 

 

 

 

 

 

 

 

 

Control 1.78 ± 0.39 c 25.15 ± 0.04 a 33.23 ± 1.33 de 24.73 ± 0.05 ab 17.01 ± 0.41 ab 18.09 ± 0.54 ef 

A1/A1 2.14 ± 0.90 b 15.36 ± 3.39 b 35.46 ± 2.01 de 14.77 ± 0.16 a 18.97 ± 2.24 a 17.29 ± 1.06 f 

A1/A2 3.13 ± 0.53 a 23.52 ± 5.66 b 33.69 ± 3.14 d 25.00 ± 1.35 ab 17.34 ± 5.23 ab 17.32 ± 1.17 f 

A2/A2 1.97 ± 0.31 b 25.05 ± 0.40 a 29.01 ± 0.69 e 26.05 ± 0.15 b 17.50 ± 0.17 a 20.42 ± 1.42 e 

Wavenumber 

(cm-1) 
1,614 - 1,601 1,637 - 1,615 1,645 - 1,638 1,664 - 1,646 1,681 - 1,665 1,700 - 1,682 
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Table 3. Total percentage areas of different secondary structures in Amide I of Control, A1/A1, A1/A2, and A2/A2 digesta depicted with FTIR 

spectroscopy. 

Sample 

Peak area (%) - Oral phase 

Side chain 
Intramolecular β-

sheet 
Random coil α-helix β-turn 

Aggregated 

β-sheet 

Control 0.55 ± 0.26 e 11.77 ± 0.82 cd 32.97 ± 0.24 c 27.41 ± 1.65 c 16.29 ± 1.79 b 11.01 ± 3.12 d 

A1/A1 1.19 ± 0.48 de 22.79 ± 1.52 a 31.76 ± 6.08 c 24.00 ± 1.98 cd 7.51 ± 0.60 e 12.75 ± 2.46 cd 

A1/A2 1.69 ± 0.39 d 8.03 ± 0.52 e 22.50 ± 2.85 d 33.28 ± 0.03 b 16.85 ± 2.59 ab 17.67 ± 0.13 b 

A2/A2 3.63 ± 0.38 b 9.46 ± 1.31 e 16.60 ± 4.44 e 30.05 ± 2.82 bc 19.35 ± 0.18 a 20.90 ± 0.36 a 

Peak area (%) - GE 1 phase 

Control 0.73 ± 0.09 e 1.60 ± 0.21 f 24.72 ± 1.80 d 40.12 ± 0.77 a 21.20 ± 1.64 a 11.63 ± 3.20 cd 

A1/A1 1.44 ± 0.17 d 9.53 ± 1.59 e 35.69 ± 1.59 b 33.06 ± 1.84 c 9.75 ± 0.30 de 10.53 ± 0.54 d 

A1/A2 2.30 ± 0.06 c 9.85 ± 0.25 de 25.17 ± 0.63 d 24.99 ± 2.96 cd 16.92 ± 2.22 ab 20.76 ± 1.07 a 

A2/A2 2.90 ± 0.31 c 10.77 ± 0.09 d 23.51 ± 2.51 d 24.32 ± 2.30 cd 18.22 ± 2.23 ab 20.27 ± 2.04 a 

Peak area (%) - GE 2 phase 

Control 0.77 ± 0.15 e 9.41 ± 0.98 e 31.99 ± 1.42 c 31.67 ± 1.26 b 16.07 ± 1.56 b 10.09 ± 0.29 de 

A1/A1 5.56 ± 1.84 a 26.70 ± 1.37 a 42.14 ± 1.82 a 11.98 ± 0.67 f 3.03 ± 0.46 f 10.60 ± 0.22 d 

A1/A2 2.45 ± 0.19 c 11.00 ± 0.79 d 31.12 ± 3.31 c 20.81 ± 2.94 d 19.18 ± 0.98 a 15.44 ± 0.01 bc 

A2/A2 2.37 ± 0.02 c 12.92 ± 0.55 c 31.67 ± 0.53 c 18.46 ± 1.95 de 16.14 ± 1.16 b 18.45 ± 1.70 b 

Peak area (%) - GE 3 phase 
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Mean values (± standard deviation, n = 3 measurements) within a column that do not share a common superscript letter are significantly different 

(p ≤ 0.05). 

 

 

 

 

 

Control 3.69 ± 0.02 b 14.28 ± 0.17 c 36.90 ± 2.67 b 24.64 ± 3.28 cd 11.19 ± 0.73 d 9.30 ± 0.03 de 

A1/A1 1.99 ± 0.37 d 13.07 ± 1.27 c 43.69 ± 2.24 a 18.15 ± 0.68 de 15.37 ± 2.07 bc 7.73 ± 0.39 e 

A1/A2 2.44 ± 0.47 c 10.08 ± 0.05 de 34.44 ± 0.36 b 24.16 ± 0.68 cd 14.90 ± 0.11 c 13.99 ± 0.83 c 

A2/A2 1.84 ± 0.21 d 12.20 ± 0.49 cd 32.63 ± 0.39 c 15.98 ± 1.10 e 19.64 ± 0.59 a 17.71 ± 0.56 b 

Peak area (%) - GE 4 phase 

Control 0.83 ± 0.77 e 12.15 ± 0.12 cd 44.86 ± 1.68 a 19.59 ± 0.98 d 14.63 ± 1.97 c 7.94 ± 0.38 e 

A1/A1 2.18 ± 0.53 cd 10.74 ± 0.30 d 44.51 ± 1.49 a 19.14 ± 0.71 d 16.38 ± 0.72 b 7.06 ± 0.32 e 

A1/A2 2.55 ± 0.92 c 22.80 ± 0.41 a 37.26 ± 0.78 b 11.25 ± 0.05 f 14.18 ± 0.31 c 11.97 ± 0.04 cd 

A2/A2 1.25 ± 0.43 de 17.54 ± 0.90 b 37.19 ± 2.91 b 14.31 ± 1.75 ef 17.69 ± 0.65 ab 12.01 ± 1.34 cd 

Wavenumber 

(cm-1) 
1,614 - 1,601 1,637 - 1,615 1,645 - 1,638 1,664 - 1,646 1,681 - 1,665 1,700 - 1,682 
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Figure 1.  
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Figure 2. 
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Figure 3.  
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Figure 4.  
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Figure 5.  
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Future of the thesis: Chapter 13. 
 

 

 

Bovine β-Casomorphins: Friends or Foes? A 

comprehensive assessment of evidence from in vitro and ex 

vivo studies 

 

 

 

 

 

• Identification and potential effects of bovine β-casomorphins on human and animal 

organisms were systematically analysed 

• Bovine β-casomorphins may possess potential beneficial and possible negative 

implications for human and animal health 

• Bovine β-casomorphins may be transported into the human blood only if the permeability 

of the gut barrier is compromised 

• Serum enzymes may degrade and eliminate bovine β-casomorphins from the blood stream, 

before accessing the internal organs 

 

 

 

Published as: Daniloski, D., McCarthy, N. A., & Vasiljevic, T. (2021). Bovine β-

Casomorphins: Friends or Foes? A comprehensive assessment of evidence from in vitro and 

ex vivo studies. Trends in Food Science & Technology, 116, 681-700. 
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14.1. Scientific and industrial impact of the research 

Over the last century, the genetic selection in dairy cattle have significantly evolved, nowadays, 

the emphasis is on improving milk production, composition, and yield (Miglior et al., 2017). 

In this regard, numerous studies found that searching for a specific casein genotype, might 

positively influence milk composition and dairy production traits (Aleandri, Buttazzoni, 

Schneider, Caroli, & Davoli, 1990; Comin et al., 2008; Ikonen, Ojala, & Ruottinen, 1999; 

Marziali & Ng-Kwai-Hang, 1986; Ng-Kwai-Hang, Hayes, Moxley, & Monardes, 1986; Penasa 

et al., 2010; Ristanic et al., 2024).  

From a scientific perspective, this thesis provided new insights into the effects of β-casein 

phenotypes on the structure and composition of milk and dairy products. By using advanced 

spectroscopic techniques, the thesis established a novel method that demonstrated how 

different β-casein variants affected the structure-functional properties of casein, milk, and dairy 

products.  

On a commercial level, this research is valuable to the dairy industry as it provides knowledge 

on the possible impacts of changing national milk pools to the β-casein A2 variant. The study 

shows that A1/A1 and A1/A2 milks have significantly different heat coagulation properties 

compared to A2/A2 milk, which is less heat stable. This information might tailor decisions by 

dairy processors when producing sterilised milk or milk powders. These differences are also 

observed in acid- and rennet-induced gels, as well as in yoghurt and cheese made from different 

milk types, with A2/A2 milk showing the poorest gelation properties and more porous gel 

structure. The findings suggested that while A2/A2 milk may have disadvantages in terms of 

processability for cheese and yoghurt production, it may have advantages due to its proposed 

and alleged easier intestinal digestibility. This information is crucial for dairy processors and 

can help them make informed decisions about the types of milk they select for various dairy 

products, and, possible health implications.   

 

14.2. General summary and conclusions 

The overall research question addressed in this thesis was: What is the impact of a single amino 

acid mutation in the β-casein sequence on the casein micelle structure and techno-functional 

properties of dairy products? Chapter 2 summarised the research conducted in recent years 

and highlighted the distinct structure-functionality differences between β-caseins A1 and A2. 

While isolated from the casein micelle but also purified, β-casein A2 tends to form smaller 

micelles compared to β-casein A1, it is evident that A2/A2 milk tend to have larger average 
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micelle sizes as opposed to those milks with β-casein A1. This information, hence, highlighted 

the urge for understanding the factors influencing these protein variations in the milk system, 

rather than examine them as standalone proteins.  

The first research study, as described in Chapter 3 summarises in detail the findings and key 

determinants of individual casein, but particularly the involvement of β-caseins A1 and A2 in 

the structuring of the casein micelle. Using one- and two-dimensional Fourier Transform 

Infrared (FTIR) and Nuclear Magnetic Resonance (1H-NMR) spectroscopies we were able to 

predict the structure of casein molecules at pH levels ranging from 6.7 to 2.3. In A1/A1 casein 

micelle, intramolecular β-sheets and α-helixes were predominant conformational motifs, giving 

a greater stability of the molecule compared to those micelles with β-casein A2. Conversely, 

A1/A2 and A2/A2 caseins showed dominance of β-turns, aggregated β-sheets, but especially 

PPII helixes, primarily influenced by β-casein and the presence of an additional proline in their 

structure (which was the only difference among the samples). Interestingly, at pH 5.7, all 

samples exhibited similar behaviour, raising questions about the behaviour of these phenotypes 

during cheese processing or the final phase of in vitro human digestion.  

In Chapters 4 and 5 milk samples carrying either β-caseins A1/A1, A1/A2, or A2/A2 were 

exposed to cold, ambient, pasteurisation, and ultra-high temperature conditions to determine to 

what extent the β-casein phenotypes might rule the differences among the milk samples. In 

both chapters, mainly β- and κ-casein appeared to be continually impacted by temperature 

effects, which may potentially be attributed to a change in the mineral balance towards the 

micellar phase at higher heat treatment temperatures or dissociation of β-casein out of the 

casein micelle as a consequence of reduced hydrophobic attraction at 4 °C. Hence, the amino 

acid mutation and decreased κ-casein content in A2/A2 milk might lead to an increased micelle 

size, lower net negative charge, and decreased amount of minerals compared to the other milks 

with β-casein A1. Additionally, both, FTIR and NMR spectroscopies, showed a potential to 

depict conformational differences among the milk samples, thus giving an indication that both 

protocols might easily be adopted in the control of industrial processes in a very near future.  

By realising the power that both FTIR and NMR might possess in identification of some 

conformational features in milks, in Chapter 6, milk samples containing β-casein A2 were 

shown to possess greater proportions of poly-proline II (PPII) helices (unstable protein 

secondary structure), with lower amounts of α-helix motifs (stable protein secondary 

structures) compared to milks containing β-casein A1. These differences could likely be due to 
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the presence of proline in the primary structure of β-casein A2 and I. Furthermore, the tendency 

of proline to create PPII helices might be an additional reason for distinguishing between these 

two families. Nevertheless, to fully develop a predictive model using FTIR for differentiating 

milk based on particular casein genotype, a number of factors (but not limited to) such as, 

breed, lactation stage, diet, season, environmental factors, milk protein phenotypes, must be 

taken into consideration, which were not included within this study.  

Chapter 7 examined all three, structure, functionality, and stability of A1/A1, A1/A2, and 

A2/A2 sodium caseinate dispersions and emulsions. This study discovered that A2/A2 sodium 

caseinate showed a higher amount of PPII helices, while A1/A1 and A1/A2 sodium caseinates 

had more α-helices and β-sheets. Once the emulsions were produced, A2/A2 sodium caseinate 

experienced a structural reordering with a notable increase in α-helical content after adsorption 

to the emulsion interface. Additionally, both samples with β-casein A1 resulted in lower 

solubility and reduced emulsifying properties compared to A2/A2 sodium caseinate. These 

findings indicated that A2/A2 sodium caseinate possessed greater emulsification activity and 

stability in comparison to A1/A1 or A1/A2 sodium caseinates. 

The objective of the study in Chapter 8 was to investigate the influence of natural variation in 

β-casein composition in milk on acid-induced gelation of milk. The gels formed from A2/A2 

skim milk exhibited notably reduced elastic modulus, water holding capacity, and gel 

permeability in comparison to gels with β-casein A1. Microscopic examination revealed a 

denser microstructure and smaller pore size in A1/A1 and A1/A2 acid-induced gels. The results 

showed that the micellar κ-casein in both milks with β-casein A1 was almost 2 times greater 

compared the same protein amount in A2/A2 milk. Also, extensive dissociation of calcium 

phosphate upon acidification, including losing the stable protein secondary structures, resulted 

in a weaker gel from A2/A2 milk.  

Chapters between 9 and 12 provided detailed insights in the production of dairy products and 

simulated in vitro digestion of skim milk powders, yoghurts, and cheeses, all having the same 

composite genotype (as1-as2-κ-caseins-β-Lactoglobulin), but only different β-casein 

phenotype. It is worth mentioning that Chapter 9 is a systematic review, not an experimental 

study. Samples carrying the homozygous β-casein A2/A2 were presented with poorer 

rehydration properties, softer yoghurt, and rennet gels strength (longer time was needed for the 

milk gelation and coagulation), and more porous microstructure. Interestingly, even though, 

during cheese making all milk samples were standardised to the same protein to fat ratio (0.95, 
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w/w), A2/A2 cheese was harder and more cohesive compared to all other cheese types in the 

final maturation phase. It is worth noting, in all three dairy products mentioned above, during 

gastric digestion, coagulum formation occurred within the first 5 - 15 min (15 min were seen 

only in cheese samples due the presence of fats in the samples). However, the protein 

breakdown of A2/A2 samples within the gastric phase was slower. Additionally, the final 

gastric clot of A2/A2 digesta was characterised with a condensed protein network that was 

comprised of significantly higher levels of aggregated β-sheets as opposed to that of A1/A1 

and A1/A2 digest. These three studies explained the importance of the products’ dairy matrix 

on the gastric in vitro digestion of skim milk powders, yoghurts, and cheeses.  

In Chapter 13, for the first time in the literature, the pathway of a β-casomorphin peptides 

liberated from dairy products with various β-casein phenotypes was described and was 

extensively elaborated. Although, β-casomorphin peptides, but especially β-casomorphin 7 

might be liberated from dairy products carrying β-casein A2, albeit in a lower amount than 

from those with β-casein A1, the likelihood of their presence in the human blood after dairy 

digestion is improbable (excluding those with "leaky gut" or other medical conditions). 

Particularly, β-casomorphin 7 can still be broken down into active forms by brush border 

peptidases, forming β-casomorphin 5, tetrapeptides, tripeptides, dipeptides, or fragments 

before reaching the targeted organ or entering the human bloodstream. Conversely, if β-

casomorphins are not completely hydrolysed but are transported across the intestinal 

epithelium, their presence would trigger the activation of serum dipeptidyl peptidase IV, 

leading to the clearance of these peptides from the blood. All these results are subsequently 

gathered in Chapter 14 (this chapter) giving an overview and final indications of the thesis, 

but also future recommendations for farmers, the dairy industry, and the consumers wellbeing.   

 

14.3. Transitioning to A2/A2 dairy herd: "Alert" or "Alternative"?  

Milk production, fertility and calving performance of genotyped animals were found to be 

influenced by the genetic variants of β-casein. Over the last two decades, the frequency of 

A2/A2 Holstein cow genotype increased by 20 % (Scott, Haile-Mariam, MacLeod, Xiang, & 

Pryce, 2023). Namely, genotyping of females for the β-casein locus has been pursued by 

farmers who have wished to build an A2/A2 homozygous herd for commercial sales of A2/A2 

milk (Newton, Axford, Ho, & Pryce, 2020). Nevertheless, recent data revealed that this could 

lead to an increased risk of inbreeding, because of the desire to quickly build an entire herd of 
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homozygous A2/A2 cows to fulfil milk sales contracts (Scott, Haile-Mariam, MacLeod, Xiang, 

& Pryce, 2023). It is well known that inbreeding can result in a loss of genetic diversity, 

decreased response to selection, reduced animal performance, and ultimately, decreased farm 

profitability (Leroy, 2014). Interestingly, while breeder associations have been promoting 

interest in A2/A2 milk production, some preliminary results indicated that cows carrying β-

casein A1 exhibited higher reproductive performance than those carrying β-casein A2 

(Sebastiani et al., 2022; Ardicli, Aldevir, Aksu, & Gumen, 2023). Additionally, as shown in 

the thesis, in general, milk containing the β-casein A2 variant was less heat stable and created 

weaker gels with implications for milk powder, yoghurt and cheese production efficiency 

(Daniloski et al., 2024a; Daniloski et al., 2024b; Daniloski et al., 2024c). 

In contrast, subsequent evaluation of gastric digestion of milk and fermented dairy products 

has shown significant differences between conventional and A2/A2 milk, with slower gastric 

digestion and firmer gastric curd formation noted during simulated in vitro digestion of A2/A2 

dairy products, which may have potential benefits for infant nutrition products in particular 

(Daniloski et al., 2024a; Daniloski et al., 2024b; Daniloski et al., 2024c). The results of the 

thesis have been discussed with a number of milk processors, and the dairy industry should 

remain cognisant to the implications of a transition of the dairy herd towards an A2/A2 

dominant genotype. 

 

14.4. What about the future?  

While the focus of current research predominantly centres on the genetic variants of β-casein 

and their influence on milk and dairy product properties, but also in vitro gastric digestion 

pattern, future investigations should extend beyond β-casein as a contributing factor in the 

differences observed. Understanding the interactions and synergies among different caseins, 

including αs1-, αs2-, and κ-caseins could provide comprehensive knowledge on how these 

proteins influence the structure and functionality of dairy matrices. For instance, the interaction 

among α-, β-, and κ-caseins (including their genetic variants) is known to influence the stability 

and structure of the casein micelles (Day, Williams, Otter, & Augustin, 2015; Holt & Sawyer, 

1993; Waugh, 1958), but how and why? Future studies could explore how variations in a single 

casein gene might affect the expression or function of other caseins, leading to changes in milk 

composition, product properties and their digestibility.  
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Research on casein genotypes holds promise in shedding light on the intricate architecture of 

the casein micelle. By elucidating the role of genetic variants in shaping the structural 

properties of casein micelles, future studies can contribute to a better understanding of micelle 

formation, stability, and functionality. This knowledge will not only enrich our fundamental 

understanding of dairy technology but also offer practical applications for optimising milk 

processing and dairy product development. Additionally, it would be interesting to further 

explore casein micelle structure as a function of casein genotype, using not only 

multidimensional NMR, but also small angle X-ray and small angle neutron scattering methods 

that were not employed in the current thesis.  

In vitro digestion protocol is efficient and highly utilised within the research community and 

in the current thesis, however, it should be remembered that this digestion protocol possesses 

some limitations. Hence, it will be interesting in the future, if the impact of the dairy matrices 

from A1/A1, A1/A2, and A2/A2 dairy products can further be evaluated on both, gastric and 

intestinal levels by using exclusively in vivo human trials. Additionally, the insights gained 

from the comprehensive review in Chapter 13 will significantly contribute to my future 

experimental and peptidomics research on β-casomorphins from A1/A1, A1/A2, and A2/A2 

milk and dairy types. This research will focus on understanding the behaviour of these peptides 

during both in vitro and in vivo gastric and intestinal digestion processes. 

In addition to traditional methods, the emergence of novel techniques such as precision 

fermentation, offers exciting prospects for modifying and harnessing the potential of β-caseins 

in food applications. By precisely engineering β-casein variants through fermentation, new 

ways of explaining the structure of the casein micelle and interactions between particular 

caseins can be explored (Raynes et al., 2024). These precision fermented β-caseins present a 

frontier for innovation in dairy technology, offering opportunities to enhance the quality, 

nutritional profile, and functionality of dairy products. 
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Table 1. An overview table of the differences between the β-casein A1 and A2 variants in many aspects found within the thesis, such as casein 

micelle structure, techno-functional properties, and in vitro gastric digestion of milk and dairy products. 

Sample type Technological trait Outcome Reference 

Casein micelle: Structure and functionality 

Milk samples (n = 9) 

- Australian Holstein A1/A1 (n = 3) 

- Australian Holstein A1/A2 (n = 3) 

- Australian Holstein A2/A2 (n = 3) 

Temperature: 37 °C 

pH: 6.7, 5.7 and 2.3 

1. At 6.7 and 2.3, intramolecular β-sheets and 

α-helixes particularly found in A1/A1 and 

A1/A2 casein micelles (stable structure) 

2. At 6.7 and 2.3, PPII helixes were mainly 

present in A2/A2 casein micelle (unordered 

structure) 

3. At pH 5.7, all casein micelles, structurally 

and functionally behaved similarly 

Daniloski, 

Markoska, 

McCarthy, and 

Vasiljevic (2023) 

Chilled milk vs milk at room temperature 

Milk samples (n = 3) 

- Australian Holstein A1/A1 (n = 1) 

- Australian Holstein A1/A2 (n = 1) 

- Australian Holstein A2/A2 (n = 1) 

Temperature: 4 and 20 °C 

1. A2/A2 milk had a lower amount of κ-casein 

2. A2/A2 milk contained a higher amount of 

phosphorus, but a lower content of calcium 

3. A1/A1 and A1/A2 milks had similar 

behaviour 

Daniloski, 

McCarthy, 

Markoska, Auldist, 

and Vasiljevic 

(2022a) 
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Heat treatment  

Milk samples (n = 15) 

- Australian Holstein A1/A1 (n = 5) 

- Australian Holstein A1/A2 (n = 5) 

- Australian Holstein A2/A2 (n = 5) 

Heating treatment 

1. 72 °C for 15 s 

2. 121 °C for 2.6 min 

3. 140 °C for 3 s 

 

1. A1/A1 and A1/A2 milks were characterised 

by greater amounts of calcium and phosphorus 

2. Histidine present in A1/A1 milk might 

govern the formation of dehydroalanine 

3. Aggregated β-sheets increased in all three 

milks during the heat treatment 

Daniloski, 

McCarthy, and 

Vasiljevic (2022b) 

Heat stability 

Milk samples (n = 28) 

- Irish Holstein A1/A1 (n = 8) 

- Irish Holstein A1/A2 (n = 10) 

- Irish Holstein A2/A2 (n = 10) 

Temperature: 140 °C 

pH range: 6.2 - 7.4 

1. A2/A2 milk was less heat stable  

2. Higher κ-casein content in A1/A1 and 

A1/A2 milks might positively influenced their 

bigger heat stability 

3. Heat-induced formation of the β-

lactoglobulin/κ-casein complex in the serum  

Daniloski, Hailu, 

Brodkorb, 

Vasiljevic, and 

McCarthy (2024a) 

Milk ingredients (caseinate) 

Milk samples (n = 3) 

- Australian Holstein A1/A1 (n = 1) 

- Australian Holstein A1/A2 (n = 1) 

- Australian Holstein A2/A2 (n = 1) 

Structure, interfacial, and 

emulsifying properties of 

sodium caseinates 

1. The β-casein A2 appeared to be able to 

reach the oil droplet surface more rapidly  

2. Sodium caseinates carrying β-casein A2 

were more efficient as emulsifying agent 

Daniloski, 

McCarthy, Auldist, 

and Vasiljevic 

(2022c) 
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3. A1/A1 and A1/A2 sodium caseinate 

emulsions had lower levels of α-helixes  

Milk powders 

Milk samples (n = 28) 

- Irish Holstein A1/A1 (n = 8) 

- Irish Holstein A1/A2 (n = 10) 

- Irish Holstein A2/A2 (n = 10) 

Structure, functionality, 

and rehydration 

properties of skim milk 

powders  

1. A1/A1 and A2/A2 powders had a cohesive 

flow behaviour (flow index lower than 4) 

2. A1/A2 powder was classified as an easy-

flowing powder (flow index higher than 4) 

3. A1/A2 had larger powder particle size and 

more dimpled structure 

4. Bigger levels of random coils in A2/A2 

milk powder altered its solubility  

Daniloski et al. 

(2024a) 

Milk gelation and yoghurt production  

Milk samples (n = 52) 

- Australian Holstein A1/A1 (n = 5) 

- Australian Holstein A1/A2 (n = 15) 

- Australian Holstein A2/A2 (n = 32) 

Acid-induced gelation 

1. A2/A2 milk gel was more porous 

2. Less κ-casein was present in A2/A2 milk 

3. High levels of aggregated β-sheets were 

found in both acid gels with β-casein A1 

Daniloski, 

McCarthy, Gazi, and 

Vasiljevic (2022d) 

Milk samples (n = 28) 

- Irish Holstein A1/A1 (n = 8) 

- Irish Holstein A1/A2 (n = 10) 

- Irish Holstein A2/A2 (n = 10) 

Yoghurt manufacturing 

 

Milk inoculated with:  

1. A1/A1 and A1/A2 milks had higher gel 

strength, greater β-sheet motifs, and lower 

yoghurt gel porosity 

Daniloski et al. 

(2024b) 
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(YC-380 yoghurt culture, 

500U · 2500L-1) 

2. In A2/A2 yoghurt lower concentration of κ-

casein and lower whey protein denaturation 

was observed 

Rennet coagulation and Cheddar cheese production   

Milk samples (n = 30) 

- Irish Holstein A1/A1 (n = 10) 

- Irish Holstein A1/A2 (n = 10) 

- Irish Holstein A2/A2 (n = 10) 

Rennet-induced 

coagulation  

1. A1/A1 and A1/A2 rennet gels were firmer, 

more cohesive, and needed shorter time to gel 

2. Insignificant differences among the milk 

samples regarding their protein, fat, and 

mineral levels 

Daniloski et al. 

(2024c) 

Milk samples (n = 30) 

- Irish Holstein A1/A1 (n = 10) 

- Irish Holstein A1/A2 (n = 10) 

- Irish Holstein A2/A2 (n = 10) 

Cheese manufacturing 

 

Milk inoculated with:  

- Starter cultures (R-604 

and LH-B02) 

- Fermentation-produced 

bovine chymosin (CHY-

MAX) 

1. A2/A2 cheese was 1.1 times harder and 

more cohesive compared to A1/A1 and A1/A2 

cheeses 

2. Higher levels of aggregated β-sheets were 

found in A2/A2 cheese 

3. During cheese ripening, both cheeses with 

β-casein A1 showed a more porous 

microstructure 

Daniloski et al. 

(2024c) 

Gastric in vitro digestion of milk  

Milk samples (n = 28) 

- Irish Holstein A1/A1 (n = 8) 

INFOGEST: In vitro 

semi-dynamic digestion 

1. Visible and higher protein degradation in 

A1/A1 and A1/A2 milks 

Daniloski et al. 

(2024a) 
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- Irish Holstein A1/A2 (n = 10) 

- Irish Holstein A2/A2 (n = 10) 

2. A2/A2 final digesta was less porous  

3. A1/A1 and A1/A2 digesta had higher levels 

of random coils 

Gastric in vitro digestion of yoghurt 

Milk samples (n = 28) 

- Irish Holstein A1/A1 (n = 8) 

- Irish Holstein A1/A2 (n = 10) 

- Irish Holstein A2/A2 (n = 10) 

INFOGEST: In vitro 

semi-dynamic digestion 

1. Protein breakdown in A2/A2 yoghurt 

digesta was lower 

2. A weakly cross-linked protein structure and 

altered secondary protein conformation with 

greater levels of random coils were observed 

in A1/A1 and A1/A2 digesta 

3. A1/A1 and A1/A2 yoghurts had higher 

levels of denatured β-lactogloblin. Heat 

denaturation probably caused an opening of β-

lactogloblin’s globular structure, thus 

exposing it to the action of pepsin 

Daniloski et al. 

(2024b) 

Gastric in vitro digestion of Cheddar cheese  

Milk samples (n = 30) 

- Irish Holstein A1/A1 (n = 10) 

- Irish Holstein A1/A2 (n = 10) 

- Irish Holstein A2/A2 (n = 10) 

INFOGEST: In vitro 

semi-dynamic digestion 

1. Lower protein degradation in A2/A2 cheese 

during the gastric digestion  

2. Potential binding of β-casein A2 with κ-

casein probably lowered the interactions of κ-

Daniloski et al. 

(2024c) 
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casein with other molecules (pepsin), which 

would lead to an increased quantity of κ-

casein in the digesta 

3. A1/A1 and A1/A2 digesta had lower levels 

of aggregated β-sheets 
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Chapter 4. Conformational and physicochemical characteristics of bovine skim milk 

obtained from cows with different genetic variants of β-casein  

https://www.sciencedirect.com/science/article/pii/S0268005X21006020#appsec1 

 

Supplementary tables 

 

 

Table 1. General characteristics of the Australian Holstein Friesian cows sampled and included 

in the study. 

 

 

 

 

 

 

  Cow samples 

 General characteristics 

(Average) 
A1/A1  A1/A2  A2/A2  

Milk yield (kg) 32.70 35.20 40.70 

Liveweight (kg) 524.00 530.00 620.00 

Condition score 4.80 4.10 3.90 

Days in milk 45.00 80.00 43.00 

https://www.sciencedirect.com/science/article/pii/S0268005X21006020#appsec1
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Table 2A. The approximate composition of A1/A1 milk included in the study. 

 

A1/A1 milk 

Overall approximate composition Average SD 

Fats (%) 5.31 5.14 5.13 5.19 0.10 

Density (kg/m3) 30.57 29.71 29.67 29.98 0.51 

Lactose (%) 5.09 4.95 4.94 4.99 0.08 

Total solids (%) 9.28 9.02 9.00 9.10 0.16 

Protein (%) 3.39 3.29 3.28 3.32 0.06 

Water (%) 0.00 0.00 0.00 0.00 0.00 

Temperature (0 C) 17.70 23.40 25.40 22.17 4.00 

Freezing point (0 C) - 0.61 - 0.59 - 0.59 -0.59 0.01 

Salts (%) 0.76 0.74 0.73 0.74 0.02 

pH 6.51 6.49 6.47 6.49 0.02 

 

 

Table 2B. The approximate composition of A1/A2 milk included in the study. 

 

A1/A2 milk 

Overall approximate composition Average SD 

Fats (%) 3.98 3.88 3.90 3.92 0.05 

Density (kg/m3) 30.19 29.64 29.68 29.84 0.30 

Lactose (%) 4.88 4.78 4.79 4.81 0.06 

Total solids (%) 8.89 8.72 8.73 8.78 0.10 

Protein (%) 3.25 3.18 3.19 3.21 0.04 

Water (%) 0.00 0.00 0.00 0.00 0.00 

Temperature (0 C) 19.80 24.10 26.00 23.30 3.18 

Freezing point (0 C) - 0.57 - 0.56 - 0.56 - 0.56 0.01 

Salts (%) 0.73 0.71 0.71 0.72 0.01 

pH 6.40 6.32 6.22 6.31 0.09 
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Table 2C. The approximate composition of A2/A2 milk included in the study. 

 

A2/A2 milk 

Overall approximate composition Average SD 

Fats (%) 3.75 3.72 3.87 3.78 0.08 

Density (kg/m3) 29.15 28.37 28.36 28.63 0.46 

Lactose (%) 4.22 4.10 4.10 4.14 0.07 

Total solids (%) 7.67 7.45 7.45 7.52 0.13 

Protein (%) 3.21 3.32 3.37 3.30 0.08 

Water (%) 0.00 0.00 0.00 0.00 0.00 

Temperature (0 C) 22.70 25.20 26.40 24.77 1.89 

Freezing point (0 C) - 0.47 - 0.45 - 0.45  - 0.46 0.01 

Salts (%) 0.83 0.65 0.78 0.75 0.09 

pH 6.51 6.48 6.78 6.59 0.17 

 

 

Table 3A. Levels of significance (p value) for all minerals depending on the milk type variants 

(GV) and temperature (Temp). 

 

Parameters Ca K Mg Na P Ca2+ 

Genetic 

variant 
0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.002 ** 

Temperature 0.008 ** 0.932 0.000 *** 0.000 *** 0.000 *** 0.681 

GV.Tem 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.561 

 

≤ 0.05 *; ≤ 0.01 **; ≤ 0.001 *** 
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Table 3B.  

Levels of significance (p value) for the zeta potential and particle size depending on the milk 

type variants (GV) and temperature (Temp). 

 

Parameters Zeta potential Particle size 

Genetic variant 0.000 *** 0.000 *** 

Temperature 0.000*** 0.000*** 

GV.Tem 0.209 0.000*** 

 

≤ 0.05 *; ≤ 0.01 **; ≤ 0.001 ***  

 

 

 

Table 3C. Levels of significance (p value) for the total percentage areas of different secondary 

structures in amide I depending on the milk type variants (GV) and temperature (Temp). 

 

Parameters Side chain 
Aggregated 

β-sheet 
β-turn 

Intramolecular 

β-sheet 
α-helix 

Genetic 

variant 
0.024 * 0.022 * 0.000 *** 0.162 0.000 *** 

Temperature 0.003 ** 0.732 0.064 0.749 0.000 *** 

GV.Tem 0.478 0.294 0.028 * 0.380 0.000 *** 

 

≤ 0.05 *; ≤ 0.01 **; ≤ 0.001 *** 
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Table 4A. Levels of significance (p value) for all minerals depending on the temperature 

(Temp) and the genetic variants (GV) of micellar casein. 

 

Parameters Ca K Mg Na P Ca2+ 

Genetic 

variant 
0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.001 *** 

Temperature 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.234 

GV.Tem 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.188 

 

≤ 0.05 *; ≤ 0.01 **; ≤ 0.001 *** 

 

 

 

 

Table 4B. Levels of significance (p value) for the zeta potential and particle size depending on 

the temperature (Temp) and the genetic variants (GV) of micellar casein. 

 

Parameters Zeta potential Particle Size 

Genetic variant 0.000 *** 0.008 ** 

Temperature 0.000 *** 0.000 *** 

GV.Tem 0.358 0.010 * 

 

≤ 0.05 *; ≤ 0.01 **; ≤ 0.001 ***  
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Table 4C. Levels of significance (p value) for the total percentage areas of different secondary 

structures in amide I depending on the temperature (Temp) and the genetic variants (GV) of 

micellar casein. 

 

Parameters Side chain 
Aggregated 

β-sheet 
β-turn 

Intramolecular 

β-sheet 
α-helix 

Genetic 

variant 
0.597 0.545 0.334 0.002 ** 0.000 *** 

Temperature 0.465 0.880 0.085 0.055 0.202 

GV.Tem 0.355 0.114 0.590 0.027 * 0.000 *** 

 

≤ 0.05 *; ≤ 0.01 **; ≤ 0.001 *** 
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Chapter 5. Impact of heating on the properties of A1/A1, A1/A2, and A2/A2 β-casein milk 

phenotypes 

https://www.sciencedirect.com/science/article/pii/S0268005X22001242#appsec1 

 

 

Supplementary tables 

 

 

Table 1A. The approximate composition of A1/A1 milk included in the study 

A1/A1 milk 

Overall gross composition Average 
Standard 

deviation  

Fats (%) 5.28 5.31 5.12 5.24 0.10 

Density (kg/m3) 1036.53 1035.86 1034.88 1035.76 0.83 

Lactose (%) 5.41 5.24 5.08 5.24 0.17 

Total solids (%) 9.84 9.53 9.24 9.54 0.30 

Protein (%) 3.61 3.50 3.39 3.50 0.11 

Protein (Kjeldahl method %) 4.31 4.28 4.19 4.26 0.06 

Temperature (°C) 21.10 22.40 22.25 21.92 0.71 

Freezing point (°C) - 0.62 - 0.59 - 0.57 - 0.59 0.02 

Salts (%) 0.81 0.79 0.76 0.79 0.03 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0268005X22001242#appsec1
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Table 1B. The approximate composition of A1/A2 milk included in the study 

A1/A2 milk 

Overall gross composition Average 
Standard 

deviation 

Fats (%) 3.94 3.91 3.89 3.91 0.03 

Density (kg/m3) 1033.22 1032.91 1033.03 1033.05 0.16 

Lactose (%) 4.08 4.78 4.79 4.55 0.41 

Total solids (%) 8.86 8.68 8.70 8.75 0.10 

Protein (%) 3.25 3.10 3.19 3.18 0.08 

Protein (Kjeldahl method %) 3.22 3.17 3.03 3.14 0.10 

Temperature (°C) 22.4 21.5 22.8 22.23 0.67 

Freezing point (°C) - 0.55 - 0.53 - 0.53 - 0.54 0.01 

Salts (%) 0.73 0.72 0.72 0.72 0.01 

 

 

Table 1C. The approximate composition of A2/A2 milk included in the study 

A2/A2 milk 

Overall gross composition Average 
Standard 

deviation 

Fats (%) 3.69 3.72 3.85 3.75 0.09 

Density (kg/m3) 1031.36 1031.03 1031.23 1031.21 0.17 

Lactose (%) 4.57 4.49 4.52 4.53 0.04 

Total solids (%) 8.30 8.15 8.21 8.22 0.08 

Protein (%) 3.05 2.99 3.01 3.02 0.03 

Protein (Kjeldahl method %) 2.67 2.55 2.52 2.58 0.08 

Temperature (°C) 21.7 21.9 22.8 22.13 0.59 

Freezing point (°C) - 0.51 - 0.40 - 0.50 - 0.50 0.00 

Salts (%) 0.68 0.67 0.68 0.68 0.01 
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Table 2. Effect of β-casein phenotype and heat treatment on proteins in bovine milk  

Temperature 

Protein content (mg/mL) 

Sample κ-casein αs2- casein αs1-casein β-casein A1 β-casein A2 
β-

Lactoglobulin 

α-

Lactalbumin 

20 °C 

A1  5.04 ± 0.06 a 2.39 ± 0.06 ab 13.04 ± 0.48 a 14.78 ± 0.12 a n/d 6.82 ± 0.12 a 4.49 ± 0.05 a 

A1/A2  3.62 ± 0.03 b 2.28 ± 0.05 bc 9.88 ± 0.20 bc 6.24 ± 0.14 d 5.64 ± 0.06 b 2.94 ± 0.08 bc 2.41 ± 0.10 c 

A2  2.27 ± 0.05 d 1.98 ± 0.03 de 8.16 ± 0.05 e n/d 8.84 ± 0.15 a 3.07 ± 0.06 bc 1.11 ± 0.05 f 

72 °C 

A1  3.61 ± 0.19 b 1.73 ± 0.07 f 9.47 ± 0.06 cd 11.65 ± 1.12 bc n/d 4.29 ± 0.02 b 3.02 ± 0.03 b 

A1/A2  3.54 ± 0.22 b 2.52 ± 0.11 a 9.73 ± 0.09 bcd 6.20 ± 0.41 d 5.81 ± 0.11 b 2.61 ± 0.15 bc 1.47 ± 0.04 e 

A2  2.22 ± 0.06 de 2.18 ± 0.08 bcd 8.10 ± 0.11 e n/d 8.59 ± 0.47 a 2.11 ± 0.09 c 0.92 ± 0.06 fg 

121 °C 

A1  3.58 ± 0.20 b 1.74 ± 0.05 f 9.76 ± 0.10 bc 12.45 ± 0.07 b n/d 2.75 ± 0.10 bc 2.13 ± 0.04 c 

A1/A2  2.49 ± 0.02 cd 2.17 ± 0.14 cd 10.15 ± 0.09 b 6.16 ± 0.05 d 5.94 ± 0.06 b 1.80 ± 0.03 c 1.19 ± 0.05 ef 

A2  1.88 ± 0.05 e 1.75 ± 0.03 f 7.66 ± 0.14 ef n/d 8.91 ± 0.22 a 1.96 ± 0.08 c 0.93 ± 0.31 fg 

140 °C 

A1  2.81 ± 0.17 c 1.01 ± 0.04 g 9.65 ± 0.07 bcd 11.31 ± 0.09 c n/d 1.82 ± 0.08 c 1.81 ± 0.04 d 

A1/A2  2.38 ± 0.04 d 1.92 ± 0.05 ef 9.24 ± 0.13 d 6.11 ± 0.02 d 6.02 ± 0.05 b 1.53 ± 0.12 c 0.62 ± 0.01 g 

A2  1.44 ± 0.10 f 2.00 ± 0.07 de 7.42 ± 0.03 f n/d 8.94 ± 0.06 a 1.36 ± 0.09 c n/d 

 

Mean values within a column that do not share a common superscript letter are significantly different (p ≤ 0.05), n/d = not detectable. 



 

320 
 

Table 3. Effect of β-casein phenotype and heat treatment on proteins in serum  

Temperature 

Protein content (mg/mL) 

Sample κ-casein αs2- casein αs1-casein β-casein A1 β-casein A2 
β-

Lactoglobulin 
α-Lactalbumin 

20 °C 

A1  0.27 ± 0.03 d 0.41 ± 0.08 a 0.05 ± 0.01 de 0.97 ± 0.06 c n/d 7.05 ± 0.05 a 1.01 ± 0.05 de 

A1/A2  0.39 ± 0.02 cd 0.10 ± 0.03 cd 0.04 ± 0.01 de 0.59 ± 0.02 e 0.92 ± 0.02 f 2.58 ± 0.07 e 1.16 ± 0.06 c 

A2  0.56 ± 0.05 b 0.10 ± 0.02 cd 0.29 ± 0.08 c n/d 3.07 ± 0.07 c 4.19 ± 0.03 c 1.41 ± 0.07 b 

72 °C 

A1  0.47 ± 0.05 bc 0.22 ± 0.05 b 0.00 ± 0.00 n/d 0.69 ± 0.03 de n/d 5.42 ± 0.10 b 1.13 ± 0.05 cd 

A1/A2  0.42 ± 0.03 c 0.08 ± 0.01 cd 0.01 ± 0.01 e 0.29 ± 0.03 f 0.41 ± 0.04 g 1.71 ± 0.11 f 1.07 ± 0.03 cd 

A2  0.56 ± 0.07 b 0.11 ± 0.02 c 0.13 ± 0.02 d n/d 1.85 ± 0.07 d 3.59 ± 0.14 d 1.66 ± 0.04 a 

121 °C 

A1  0.55 ± 0.07 b 0.34 ± 0.02 a 0.03 ± 0.01 de 1.57 ± 0.04 b n/d 0.61 ± 0.03 g  0.51 ± 0.03 f 

A1/A2  0.48 ± 0.04 bc 0.09 ± 0.03 cd 0.09 ± 0.02 de 0.77 ± 0.05 d 1.08 ± 0.03 e 0.47 ± 0.09 g 0.92 ± 0.09 e 

A2  0.80 ± 0.02 a 0.17 ± 0.03 bc 0.43 ± 0.04 b n/d 3.36 ± 0.05 b 1.88 ± 0.05 f 1.03 ± 0.02 cde 

140 °C 

A1  0.50 ± 0.02 bc 0.15 ± 0.01 bc 0.01 ± 0.00 e 2.51 ± 0.12 a n/d 0.57 ± 0.04 g 0.08 ± 0.02 h 

A1/A2  0.41 ± 0.06 c 0.01 ± 0.01 d 0.26 ± 0.02 c 0.76 ± 0.06 d 1.05 ± 0.02 ef 0.23 ± 0.03 h 0.20 ± 0.02 gh 

A2  0.49 ± 0.03 bc 0.13 ± 0.01 bc 0.62 ± 0.08 a n/d 4.45 ± 0.14 a 1.77 ± 0.07 f 0.34 ± 0.04 g 

 

Mean values within a column that do not share a common superscript letter are significantly different (p ≤ 0.05), n/d = not detectable. 
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Chapter 6. Authentication of β-casein milk phenotypes using FTIR spectroscopy 

https://www.sciencedirect.com/science/article/pii/S0958694622000346#appsec1 
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Table 1. The approximate average composition of A1/A1 milk (n = 5) included in the study. 

 

Parameter 

Overall approximate composition of samples 

Average 
Standard 

deviation 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

Fats (%) 3.67 3.98 3.78 3.77 3.75 3.79 0.11 

Density (kg m-3) 1038.08 1037.75 1037.73 1037.77 1037.74 1037.81 0.15 

Lactose (%) 5.54 5.49 5.49 5.51 5.57 5.52 0.03 

Total solids (%) 10.07 9.98 9.98 9.92 9.94 9.98 0.06 

Protein (%) 3.69 3.66 3.66 3.61 3.63 3.65 0.03 

Temperature (°C) 20.70 18.20 18.20 19.80 19.75 19.33 1.10 

Freezing point (°C) –0.63 –0.62 –0.62 –0.64 –0.67 –0.64 0.02 

Salts (%) 0.83 0.82 0.82 0.85 0.84 0.83 0.01 
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Table 2. The approximate average composition of A1/I milk (n = 5) included in the study. 

 

Parameter Overall approximate composition of samples Average SD 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

Fats (%) 3.72 3.71 3.72 3.73 3.72 3.72 0.01 

Density (kg m-3) 1032.73 1033.06 1033.03 1033.03 1033.04 1032.98 0.14 

Lactose (%) 4.72 4.77 4.76 4.76 4.76 4.75 0.02 

Total solids (%) 8.58 8.66 8.65 8.65 8.65 8.64 0.03 

Protein (%) 3.15 3.18 3.18 3.18 3.18 3.17 0.01 

Temperature (°C) 21.10 22.00 21.80 20.80 18.50 20.84 1.40 

Freezing point (°C) –0.53 –0.53 –0.53 –0.53 –0.53 –0.53 0.00 

Salts (%) 0.71 0.71 0.71 0.71 0.71 0.71 0.00 
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Table 3. The approximate average composition of A1/A2 milk (n = 5) included in the study. 

 

Parameter 

Overall approximate composition of samples 

Average SD 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

Fats (%) 3.45 3.77 3.69 3.72 3.49 3.62 0.14 

Density (kg m-3) 1034.76 1034.71 1034.65 1034.58 1034.58 1034.66 0.08 

Lactose (%) 5.02 5.01 5.00 5.01 5.01 5.01 0.01 

Total solids (%) 9.12 9.10 9.08 9.11 9.11 9.10 0.02 

Protein (%) 3.35 3.34 3.33 3.32 3.32 3.33 0.01 

Temperature (°C) 20.90 20.00 21.67 21.14 21.14 20.97 0.61 

Freezing point (°C) –0.56 –0.56 –0.56 –0.57 –0.57 –0.57 0.00 

Salts (%) 0.75 0.75 0.75 0.77 0.77 0.76 0.01 
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Table 4. The approximate composition of I/I milk (n = 5) included in the study. 

 

Parameter 

Overall approximate composition of samples 

Average SD 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

Fats (%) 3.88 3.84 3.89 3.87 3.88 3.87 0.02 

Density (kg m-3) 1035.75 1036.49 1036.69 1036.42 1036.39 1036.35 0.35 

Lactose (%) 5.17 5.28 5.26 5.27 5.26 5.25 0.04 

Total solids (%) 9.39 9.59 9.56 9.57 9.56 9.53 0.08 

Protein (%) 3.45 3.52 3.51 3.51 3.51 3.50 0.03 

Temperature (°C) 21.10 20.80 19.70 19.80 18.70 20.02 0.96 

Freezing point (°C) –0.58 –0.60 –0.59 –0.59 –0.59 –0.59 0.01 

Salts (%) 0.78 0.79 0.79 0.79 0.79 0.79 0.00 
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Table 5. The approximate composition of A2/I milk (n = 5) included in the study. 

 

Parameter 

Overall approximate composition of samples 

Average SD 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

Fats (%) 3.81 3.78 3.82 3.79 3.83 3.81 0.02 

Density (kg m-3) 1035.19 1035.06 1035.03 1035.22 1035.29 1035.09 0.09 

Lactose (%) 5.09 5.07 5.07 5.08 5.09 5.08 0.01 

Total solids (%) 9.25 9.21 9.20 9.25 9.26 9.22 0.03 

Protein (%) 3.39 3.38 3.38 3.40 3.41 3.38 0.01 

Temperature (°C) 20.60 19.50 19.60 19.80 19.90 19.90 0.61 

Freezing point (°C) –0.57 –0.57 –0.57 –0.58 –0.59 –0.57 0.00 

Salts (%) 0.76 0.76 0.76 0.76 0.77 0.76 0.00 
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Table 6. The approximate composition of A2/A2 milk (n = 5) included in the study. 

 

Parameter 

Overall approximate composition of samples 

Average SD 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

Fats (%) 3.55 3.61 3.59 3.61 3.71 3.61 0.06 

Density (kg m-3) 1036.17 1037.34 1037.28 1036.21 1036.34 1036.67 0.59 

Lactose (%) 5.23 5.39 5.39 5.33 5.34 5.34 0.07 

Total solids (%) 9.50 9.78 9.80 9.81 9.82 9.74 0.14 

Protein (%) 3.49 3.59 3.60 3.49 3.52 3.54 0.05 

Temperature (°C) 22.10 21.20 19.80 22.10 22.20 21.48 1.02 

Freezing point (°C) –0.59 –0.61 –0.61 –0.59 –0.60 –0.60 0.01 

Salts (%) 0.78 0.81 0.81 0.79 0.82 0.80 0.02 
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Table 7. Levels of significance (p-value) for the total percentage areas of different secondary structures in amide I depending on the milk phenotype 

(PT). a 

 

Phenotype 

Parameters 

Side chain Intramolecular β-sheet Random coil α-helix β-turn 
Aggregated β-

sheet 

β-casein 0.123 0.008 ** 0.000 *** 0.000 *** 0.000 *** 0.044 * 

 

a p-values indicated by: *, ≤ 0.05; **, ≤ 0.01; ***, ≤ 0.001. 
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Figure 1. Scatter plot of the PCA scores of FTIR spectra of milk samples and the samples chosen for further analysis.  

 

A1/A1 milk 

A1/I milk 

A1/A2 milk 
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Health-related outcomes of genetic polymorphism of bovine β - casein variants: A 

Systematic Review of randomised controlled trials 

https://www.sciencedirect.com/science/article/pii/S0924224421001825#appsec1 

 

 

 

 

 

 

Supplementary tables 

https://www.sciencedirect.com/science/article/pii/S0924224421001825#appsec1
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Table 1. The effect of bovine milk, β-CN, and BCM7 on gastrointestinal tract 

 

Study Exposure Intervention (Dosage) Results 

Chabance et al. 

(1998) 

Exposure to skim bovine 

milk (milk powder 147 

g/L) with a protein 

content of 4.2 g/100 g for 

a period of 14 days. 

Gastrointestinal intubation 

technique 

1. Ingestion of 500 ml test (4 h) 

meal (skim milk) in 5 - 10 

min. 

 

2. Every 20 min, 5 ml of gastric 

contents waere aspirated with 

a manual syringe. 

 

3. The stomach was washed 

with 200 ml of 150 mM 

NaCI solution. 

 

4. No additional food and 

fluids. Passage of milk 

peptides into the blood 

circulation was performed on 

3 days. Blood samples were 

collected at 5; 20; 40; 60 

min; and 8 h, after the 

ingestion of 500 ml of water 

(Vittel and skim milk). 

Identification of β-CN peptides liberated in the 

human stomach after skimmed milk ingestion 

 

1. 20 min: f1-12; f33-44; f107-114; f29-41; f30-

41; f106-120. 

 

2. 1 h: f6-17; f29-40; f164-175. 

 

3. 4 h (β-CN peptide sequences): f164-175. 

Identification of β-CN peptides liberated in the 

human duodenum after skimmed milk ingestion 

 

1. 20 min (β-CN peptide sequences): f7-18; 

f114-119; f84-92; f83-93. 

 

2. 40 min (β-CN peptide sequences): f7-16; 

f145-156; f1-12; f155-165; f1-12. 

 

3. 4 h (β-CN peptide sequences): f69-80. 
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Boutrou et al. 

(2013) 

Milk proteins from raw 

milk (CNs separated 

from WPs). The 

experiment was 

conducted in a period of 

9 days. 

1. Protein intake of 1.4 g · kg-1 · d-1. 

The daily protein intake was 30 g 

CN, 27.5 g maltodextrine 

(Roquette), and 2.5 g orange 

flavour. 

 

2. At the beginning of the 

standardization, each subject 

was given 7 shakers that 

contained the supplement 

powder for self-administration 

after dissolution in 500 ml H2O. 

Identification of β-CN peptides liberated in the 

jejunum effluent after CN ingestion 

 

1. 30 min (β-CN peptide sequences): f60-66 

(3.60 ± 0.35 mg). 

 

2. 30 min (β-CN peptide sequences): f108-113 

(40 mg). 

 

3. 2 h (β-CN peptide sequences): f60-66 (4 mg). 

 

4. 6 h (β-CN peptide sequences): f57-; f58-; f59-; 

f60-66; f108-113. 

Barnett, 

McNabb, Roy, 

Woodford, and 

Clarke (2014) 

Skim milk-based 

diets containing β-CN of 

either the A1 or A2 

genetic variants. The 

experiment lasted 7 days. 

1. The rats were fed skim milk-

based diets containing β-CN 

of either the A1 or A2 type for 

36 h or 84 h, together with 

water. Food and water were 

provided ad libitum. 

 

2. All rats were orally gavage 24 

h before the end of the feeding 

periods with an inert tracer 

(TiO2). Half of the rats in each 

group were also injected with 

naloxone at this time. 

 

GITT (gastrointestinal transit time): In rats fed the A1 

β-CN diet, TiO2 recovery was significantly lower in 

the saline-treated group than in the naloxone-treated 

group at 8 h (p = 0.01) and 11 h (p = 0.049), but not at 

14 h (p = 0.17). On the contrary, in rats fed the A2 β-

CN diet, the cumulative recovery of TiO2 was not 

significantly different between the naloxone-treated 

and saline-treated groups at 8 h (p = 0.55), 11 h (p = 

0.84), or 14 h (p = 0.38). 

MPO (myeloperoxidase): Its activity was 65 % higher 

in the A1S group than in the A2S group (0.52 vs 0.32 

units/3min/mg protein, p = 0.04). MPO activity was 

also 64 % higher in the A1S group than in the A1N 

group (0.52 vs 0.32 units/3 min/mg protein, p = 0.04). 
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3. For injection, 6 mg of 

naloxone (N) was dissolved in 

20 ml of normal saline (S) and 

administered at a dose of 333 

ml per 100 g of body weight, 

giving a final dose of 1 mg/kg 

body weight. Food intake was 

not recorded during the study. 

HIS (histological injury score): The HIS inflammation 

scores were 55 % higher in the A1S group than in the 

A2S group; however, this difference was not 

statistically significant (17.45 vs 11.33; p = 0.36). 

DPP-4: Its activity in jejunum was 40 % higher in the 

A1S group than in the A2S group (38.3 vs 27.3 

pkatal/µg protein; p = 0.002). DPP-4 activity was 37 % 

higher in the A1N group than in the A2S group (p = 

0.001). 

Haq, Kapila, 

Sharma, 

Saliganti, and 

Kapila (2014) 

Separation of β-CN from 

whole fat bovine milk; 

Karan Fries cattle with 

A1/A1, A1/A2, or A2/A2 

genotype. The 

experiment was 

conducted over period of 

30 days. 

1. Control group: basal diet (18.4 % 

starch, 65 % Bengal gram, 2.55 % 

oil,  2.05 % mineral mixture, 1 % 

vitamin mixture and 11 % cellulose) 

 

2. Experimental Group 1: β-CN 

(A1/A1 genetic variant). 

 

3. Experimental Group 2: β-CN 

(A1/A2 genetic variant). 

 

4. Experimental Group 3: β-CN 

(A2/A2 genetic variant). 

 

All three experimental groups were fed 

with 85 mg β-CN/animal/day 

suspended in 200 µl phosphate-

buffered saline (PBS). 

MPO: Comparison of A1/A1 β-CN and A1/A2 β-CN 

vs A2/A2 β-CN variants. All three genetic protein 

variants increased the activity of MPO in murine 

intestine (p<0.01) by 179.06 % and 31.68 %. 

CD4 T Cells (IL-4): These results also indicated an 

increase (p<0.01) in IL-4 levels on feeding A1/A1 β-

CN (272.13 %) and A1/A2 β-CN (282.29 %), 

compared to A2/A2 β-CN consumption. 

IgE: Feeding A1/A1 and A1/A2 β-CN significantly 

increased (p<0.001) total IgE levels by 50.38 % and 

46.46 %, respectively, compared to A2/A2 

consumption. 

IgG: Intestinal fluid showed an elevated levels of IgG 

by consumption of A1/A1 β-CN (91.08 %; p<0.001) 

and A1/A2 β-CN (33.54 %; p<0.01), compared to 

A2/A2 β-CN. IgA: No changes between the genetic 

variants. 

Leu in GIT: Feeding on animals with A1/A1 β-CN and 

A1/A2 β-CN increased the number of total leukocytes 
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by 153 % and 135.73 %, respectively, compared to 

A2/A2 β-CN consumption. 

TLR-2: A1/A1 β-CN consumption hugely increased 

(p<0.001) TLR-2 expression by 141.39 %, 220.71 % 

and 349 % compared to A1/A2 β-CN, A2/A2 β-CN 

and control group mice, respectively. 

Ho, Woodford, 

Kukuljan, and 

Pal (2014) 

Whole milk based diet 

containing A1 β-CN or 

A2 β-CN. The 

experiment lasted 8 

weeks (including the 

washout period). 

1. 2 weeks (Initially): Group 1 - 

A1 and Group 2 - A2: were 

consuming 750 ml/day of their 

allocated milk which 

contained ≈ 7.5 g of either A1 

β-CN or A2 β-CN. 

 

2. After that 4 Weeks: Washout 

with rice milk (both groups - 

no dairy products). 

 

3. Finally another 2-week period:  

Group 1 - A2 and Group 2 - 

A1: were consuming 750 

ml/day of their allocated milk 

which contained ≈ 7.5 g of 

either A1 β-CN or A2 β-CN. 

BSS stool consisteany values (mean ± s.e.m.; MD) 

 

All participants during the 2-week period: A1 - 3.87 ± 

0.02; A2 - 3.56 ± 0.02; 0.31. 

Self-described as milk tolerant during the 2-week 

period:  A1 - 3.82 ± 0.02; A2 - 3.47 ± 0.02; 0.35. 

Self-described as milk intolerant during the 2-week 

period:  A1 - 4.02 ± 0.04; A2 - 3.87 ± 0.05; 0.15.       

Digestive discomfort & abdominal pain: Although all 

mean values were numerically higher on the A1 diet, 

none were statistically significant.  
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Faecal calprotectin: There were no overall differences 

in faecal calprotectin between the A1 (41.6 μg/g) and 

A2 diets (35.8 μg/g), MD (15 vs 14 μg/g), no 

information on SD.   

Jianqin et al. 

(2015) 

Bovine milk containing 

either A1/A2 β-CN 

(conventional milk) with 

a ratio of 58:42 or only 

A2 β-casein (industry 

milk). The duration of 

the examination was 14 

days. 

1. 2 weeks (Initially): Group 1 

= A1 β-CN & Group 2 = A2 

β-CN: were consuming 250 

ml/day of their allocated milk 

after meals. 

 

2. After that 2 Weeks: Washout 

period - no dairy products. 

 

 

3. Finally another 2-week 

period:  Group 1* = A2 β-CN 

& Group 2* = A1 β-CN: 

were consuming 250 ml/day 

of their allocated milk after 

meals. 

SBTT - small bowel transit time 

CTT - colonic transit time 

WGTT - whole gastrointestinal 

transit time 
 

SBTT 

(hours):  

G1 - 3.62 ± 

1.46 

SBTT 

(hours):  

G1* - 4.02 

± 1.45. 

SBTT 

(hours):  

G2 - 3.79 

± 1.89 

SBTT 

(hours):  

G2* -  

3.90 ± 1.85 

CTT 

(hours):  

G1 - 35.41 

± 8.68 

CTT 

(hours):  

G1* - 28.23 

± 5.50 

CTT 

(hours):  

G2 - 35.31 

± 6.92 

CTT 

(hours):  

G2*- 29.62 

± 7.41 

WGTT 

(hours):  

G1 - 39.95 

± 8.45 

WGTT 

(hours):  

G1 - 33.41 

± 5.68 

WGTT 

(hours):  

G1 - 40.14 

± 6.81 

WGTT 

(hours):  

G1 -  

34.36 ± 

6.90 

Gastrointestinal inflammation (between 

intervention) 

 

As participants moved from milk containing A1/A2 β-

CN to milk containing only A2 β-CN, 36.4 % reported 

change in major inflammation of the intestine and 22.7 

% in stomach inflammation. In comparison, as 

participants moved from milk containing only A2 β-

CN to milk containing A1/A2 β-CN, 11.1 % 

demonstrated progress in small intestine and stomach 

inflammation. 

Stool frequency - 

baseline (no./wk) 

  

Stool frequency - after 2 

wk (no./wk) 
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- G1: 7.68 ± 1.98 

 

- G1*: 7.95 ± 2.3 

 

- G2: 7.83 ± 1.59 

 

- G2*: 7.57 ± 1.95 

- G1: 11.05 ± 4.21 

 

- G1*: 7.91 ± 1.15 

 

- G2: 10.43 ± 3.46 

 

- G2*: 7.87 ± 1.91 

Stool consistency 

baseline (BSS) 

 

- G1: 4.05 ± 0.65 

 

- G1*: 4.08 ± 0.46 

 

- G2: 4.07 ± 0.51 

 

- G2*: 4.09 ± 0.67 

Stool consistency after 2 

wk (BSS) 

 

- G1: 4.42  ± 0.74 

 

- G1*: 4.05 ± 0.25 

 

- G2: 4.35 ± 1.11 

 

- G2*: 4.08 ± 0.61 

Diarrhoea (measured 

as adverse event) during 

the first 2 weeks:  

A1/A2 β-CN milk:  8 

events in 5 participants. 

Diarrhoea (measured 

as adverse event) during 

the first 2 weeks: 

A2 β-CN milk:  3 events in 

3 participants. 

Crowley, 

Williams, 

Roberts, 

Dunstan, and 

Jones (2013) 

Bovine milk A1 β-CN vs 

bovine milk A2 β-CN. 

The experiment had been 

conducted over a period 

of 6 weeks (including the 

washout period). 

1. 2 weeks (Initially): Group 1 

= A1 β-CN & Group 2 = 

A2 β-CN: were consuming 

400 ml/day of their 

allocated milk. 

 

2. After that 2 Weeks: Washout 

with CMP and soy protein free 

The resolution of chronic functional constipation 

(CFC) has been observed by 14 participants (out of 22; 

64 %) who consumed A1 β-CN milk. The resolution of 

CFC has been observed by 16 participants (out of 25; 

64 %) who consumed A2 β-CN milk. 
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milk (both groups - no dairy 

products 400 ml/day). 

 

3. Finally another 2-week period:  

Group 1* = A2 β-CN & 

Group 2* = A1 β-CN: were 

consuming 400 ml/day of their 

allocated milk. 

Bowel motions per fortnight (SD) has been observed 

by 10.5 participants (out of 22; 5.75 %) who consumed 

A1 β-CN milk. Bowel motions per fortnight (SD) has 

been observed by 10.56 participants (out of 25; 5.24 

%) who consumed A2 β-CN milk. 

He, Sun, Jiang, 

and Yang (2017) 

Bovine milk containing 

either A1/A2 β-CN 

(conventional milk) with 

a ratio of 58:42 or only 

A2 β-CN (industry milk). 

The duration of the 

examination was 8 days.  

Day 1: Group 1 = A1/A2 β-CN and 

Group 2 = A2 β-CN: were consuming 

300 ml/day of their allocated milk. 

 

1. 1 h after milk consumption: 

breakfast (congee and a 

steamed bun - Beijing; 

comprised fried chicken, 

congee and bread in Shanghai 

and Guangzhou). 

 

2. 3 h after milk consumption: 

urine sample and VAS 

questionnaire. 

 

3. 12 h after consumption: VAS 

questionnaire. 

1. GIT symptoms: All six gastrointestinal symptom 

scores at 1 h and 3 h were significantly lower after 

consuming A2 β-CN vs conventional milk (A1/A2  β-

CN) (all P<0.0001). At 12 h, significant differences 

remained for bloating, abdominal pain, stool 

frequency, and stool consistency (all P<0.0001).  

 

2. Urine samples: Symptom scores were consistently 

lower with A2 β-CN in both lactose absorbers (urinary 

galactose ≥ 0.27 mmol/l) and lactose malabsorbers 

(urinary galactose < 0.27 mmol/l). 

 

3. Age: the age group did not have a significant impact 

on gastrointestinal symptoms when evaluated using 

GEE analysis or Kruskal - Wallis test. 

Day 2 - Day 7: Group 1 and Group 2 - 

Washout (Dairy - free diet). 
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Day 8: Group 1* = A2 β-CN and 

Group 2* = A1/A2 β-CN: were 

consuming 300 ml/day of their 

allocated milk. 

 

1. 1 h after milk consumption: 

breakfast (congee and a 

steamed bun - Beijing; 

comprised fried chicken, 

congee and bread in Shanghai 

and Guangzhou). 

 

2. 3 h after milk consumption: 

urine sample and VAS 

questionnaire. 

 

3. 12 h after consumption: 

VAS questionnaire. 

Sheng, Li, Ni, 

and Yelland 

(2019) 

Bovine milk containing 

either A1/A2 β-CN 

(conventional milk) or 

only A2 β-CN (industry 

milk). The duration of 

the intervention was 19 

days. The examination 

was based on visual 

analogy scales (VAS) 

questionnaire to assess 

baseline gastrointestinal 

symptoms. 

1. Phase 1 (days 1 - 5): Group 1 

= A1/A2 β-CN and Group 2 = 

A2 β-CN: were consuming x 

2; 150 ml/day (300 ml/day) of 

their allocated milk.  

 

2. Washout: 9 days (days 6 - 14). 

No info on a diet. 

 

3. Phase 3 (days 15 - 19): Group 

1* = A2 β-CN and Group 2* = 

A1/A2 β-CN: were consuming 

x 2; 150 ml/day (300 ml/day) 

of their allocated milk.  

GIT symptoms (bloating, abdominal pain, flatulence, 

and heavy or full stomach): There were no significant 

differences in baseline total VAS scores between the 2 

sequence groups in both phases (phase 1: P = 0.915; 

phase 2: P = 0.801).  

Markers of gut 

inflammation:  CM (PostI. 

- Phase 1) 

 

- 0.77 (0.08) ng/ml, IL-4 

(p<0.05) 

 

- 11.2 (2.0) g/l, IgG 

(p<0.0001) 

Markers of gut 

inflammation:  A2 β-

CN (PostI. -  Phase 1) 

 

- 0.73 (0.08) ng/ml, IL-4 

(p<0.05) 

 

- 9.2 (1.6) g/l, IgG 

(p<0.0001) 
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- 7.15 (1.36) g/l, IgG1 

(p<0.05) 

 

- 3.15 (2.05 – 5.49) ng/ml, 

BCM7 (p<0.01) 

 

- 1.44 nmol/ml (0.37 -3.88), 

GSH (p<0.001) 

 

- 90.5 (11.5 - 153) IU/ml, 

IgE (p<0.05) 

 

 

- 6.04 (1.25) g/l, IgG1 

(p<0.05) 

 

- 2.54 (1.95 – 4.38) ng/ml, 

BCM7 (p<0.01) 

 

- 2.22 nmol/ml (0.68 - 

3.88), GSH (p<0.001) 

 

- 52.2 (16.3 - 160) IU/ml, 

IgE (p<0.05) 

 

Analysis of stool frequency: consumption of 

conventional milk was associated with a significantly 

higher stool frequency and significantly higher BSS 

scores compared with the consumption of milk 

containing A2 β-CN.             

Milan et al. 

(2020) 

UHT processed cow's 

milk (conventional milk, 

A1/A2 β-CN) or only A2 

β-CN (industry milk). 

The duration of the study 

was 12 hours, divided in 

three visits (three 

different days). 

Three Groups of participants 

 

1. Group 1: LI = self-reported 

intolerant, diagnosed lactose intolerant 

(n = 10) 

 

2. Group 2: NLDI = self-reported non-

lactose dairy intolerant, but diagnosed 

lactose tolerant (n = 20) 

 

Bowel movement (Number of participants’ 

Symptoms) 

 

- Abdominal pain (LI): A2M – 6; CON – 12; LF-CON 

– 2 (p<0.001). 

 

- Abdominal pain (NLDI): A2M – 8; CON – 13; LF-

CON – 9 (p<0.001). 

 

- Abdominal pain (DT): A2M – 5; CON – 3; LF-CON 

– 0 (p<0.001). 
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3. Group 3: DT = diagnosed lactose 

tolerant or dairy tolerant (n = 10) 

 

 All three groups of participants 

consumed 750 ml conventional milk 

(CON; containing A1/A2 β-CN and 

lactose – Visit 1), A2 Milk (A2M; 

exclusively containing A2 β-CN with 

lactose – Visit 2), or lactose-free 

conventional milk (LF-CON; A1/A2 

β-CN without lactose – Visit 3). 

- Abdominal fullness (LI): A2M – 3; CON – 6; LF-

CON – 0 (p<0.001). 

 

- Abdominal fullness (NLDI): A2M – 12; CON – 12; 

LF -CON – 4 (p<0.001). 

 

- Abdominal fullness (DT): A2M – 6; CON – 1; LF-

CON – 0 (p<0.001). 

 

- Abdominal bloating (LI): A2M – 8; CON – 8; LF-

CON – 5 (p<0.001). 

 

- Abdominal bloating (NLDI): A2M – 9; CON – 8; 

LF-CON – 5 (p<0.001). 

 

- Abdominal bloating (DT): A2M – 7; CON – 2; LF-

CON – 0 (p<0.001). 

 

- Abdominal distension (LI): A2M – 4; CON – 7; LF-

CON – 4 (p<0.001). 

 

- Abdominal distension (NLDI): A2M – 7; CON – 3; 

LF-CON – 1 (p<0.001). 

 

- Abdominal distension (DT): A2M – 5; CON – 2; LF-

CON – 0 (p<0.001). 

 

- Loose BMs (diarrhoea; BSS score >6) (LI): A2M – 

1; CON – 7; LF-CON – 0 (p<0.001). 

 

- Loose BMs (diarrhoea; BSS score >6) (NLDI): A2M 

– 0; CON – 4; LF-CON – 4 (p<0.001). 
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- Loose BMs (diarrhoea; BSS score >6) (DT): A2M – 

5; CON – 2; LF-CON – 2 (p<0.001). 

Stool (Symptoms) 

Over 12 h, MD score did not differ between milks or 

tolerance groups (No comparable).  

Guantario et al. 

(2020) 

Conventional bovine 

milk, A1/A2 β-CN and 

A2/A2 β-CN. The 

experiment lasted for 4 

weeks.  

Three Groups of participants (males 

and females). All diets were same; 

groups 2 and 3 were only differently 

supplemented: 

 

1. Group 1 (n = 8 mice): Control Diet 

(CTRL), containing a casein-like 

amino acid mix (CTRL). 

 

2. Group 2 (n = 9): Diet supplemented 

with A2/A2 β-CN lyophilised milk. 

 

3. Group 3 (n = 7): Diet supplemented 

with A1/A2 β-CN lyophilised milk. 

 

Vh - villus height 

Cd - crypt depth 

Cytokine Secretion 

Both milk-supplemented diets induced a significant 

increase in NK cell percentage as compared to CTRL 

(p ≤0.001), whereas T lymphocytes were increased in 

A1/A2 mice, as compared to both CTRL and A2/A2. 

A2/A2 milk supplementation could significantly 

modify the gut immune phenotype of old mice as 

compared to A1/A2 milk and CTRL group. 

Gut Enzymatic Activities 

The difference in DPP-4 activity among the three 

groups has not been shown. 

Histomorphological Evaluation (mean ± SD) 

1. Vh (D): CTRL = 10.0 ± 1.76; A1/A2 = 8.33 ± 0.58; 

A2/A2 = 9.57 ± 0.63. 

2. Cd (D): CTRL = 1.18 ± 0.15; A1/A2 = 1.09 ± 0.11; 

A2/A2 = 0.99 ± 0.14. 

3. Vh/Cd (D): 8.51 ± 1.20; A1/A2 = 7.72 ± 1.09; 

A2/A2 = 9.86 ± 1.71. 
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Immunohistochemical staining (IHC) 

1. CD8+ IHC (D): CTRL = 1.79 ± 0.79; A1/A2 = 2.07 

± 1.48; A2/A2 = 3.11 ± 1.47. 

2. CD45+ IHC (D): CTRL = 3.05 ± 1.12; A1/A2 = 

3.20 ± 1.11; A2/A2 = 4.11 ± 0.53. 

IgGs 

No significant differences in IgG serum levels were 

observed between CTRL, A1/A2, and A2/A2 group. 

Short-Chain Fatty Acids 

1. Isobutyrate (F): CTRL = 25.1 ± 10.5; A1/A2 = 77.4 

± 62.0; A2/A2 = 80.04 ± 32.6. 

2. SCFAs (F): CTRL = 60.1 ± 20.9; A1/A2 = 127 ± 

79.2; A2/A2 = 131 ± 42.6. 

Enterobacteriaceae and Enterococcaceae were scored 

in the CTRL group, but not in the A1/A1 and A2/A2. 

These bacteria’s families were previously correlated 

with ageing. 
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Table 2. The effect of bovine milk, β-CN, and BCM7 on cardiovascular diseases  

 

Study Exposure Intervention (Dosage) Results (Mean) 

Chin-Dusting et 

al. (2006) 

Exposure to bovine milk 

(milk powder) contains 

either A1 β-CN or A2 β-

CN (10 g/d) throughout   

the 12-week study. 

15 Participants with high risk of 

CVD, consumed 25 g/d of the dairy 

shake (A1 β-CN or A2 β-CN) in 200 

ml water or fruit juice. More 

specifically, all participants were 

advised to not consume dairy 

products (excluding cheese).  

 

1. Group 1: All participants 

consumed A1 β-CN for six weeks.  

 

2. Group 2: All participants 

consumed A2 β-CN for other six 

weeks.  

 

Control visits were made at week 0, 

6, 12, 18 and 24. 

TGs – A1 (BL): 1.4 

mmol/l 

TGs – A2 (BL): 1.4 

mmol/l 

TGs – A1 (6w): 1.2 

mmol/l 

TGs – A2 (6w): 1.5 

mmol/l 

TGs – A1 (12w): 1.4 

mmol/l 

TGs – A2 (12w): 1.3 

mmol/l 

TC – A1 (BL): 6.3 

mmol/l 

TC – A2 (BL): 6.3 

mmol/l 

TC – A1 (6w): 3.6 

mmol/l 

TC – A2 (6w): 3.7 

mmol/l 

TC – A1 (12w): 5.6 

mmol/l 

TC – A2 (12w): 5.7 

mmol/l 

LDL – A1 (BL): 3.7 

mmol/l 

LDL – A2 (BL): 3.7 

mmol/L 

LDL – A1 (6w): 3.6 

mmol/l 

LDL – A2 (6w): 3.7 

mmol/l 

LDL – A1 (12w): 3.3 

mmol/l 

LDL – A2 (12w): 3.4 

mmol/l 

HDL – A1 (BL): 1.8 

mmol/l 

HDL – A2 (BL): 1.8 

mmol/l 

HDL – A1 (6w): 1.8 

mmol/l 

HDL – A2 (6w): 1.8 

mmol/l 

HDL – A1 (12w): 1.6 

mmol/l 

HDL – A2 (12w): 1.7 

mmol/l 
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SBP – A1 (BL): 127 

mmHg 

SBP – A2 (BL): 127 

mmHg 

SBP – A1 (6w): 131 

mmHg 

SBP – A2 (6w): 127 

mmHg 

SBP – A1 (12w): 131 

mmHg 

SBP – A2 (12w): 131 

mmHg 

DBP – A1 (BL): 77 

mmHg 

DBP – A2 (BL): 77 

mmHg 

DBP – A1 (6w): 76 

mmHg 

DBP – A2 (6w): 73 

mmHg 

DBP – A1 (12w): 77 

mmHg 

DBP – A2 (12w): 75 

mmHg 

Venn, Skeaff, 

Brown, Mann, 

and Green 

(2006) 

Exposure to low-fat 

cow’s commercial milk 

contain either A1/A2 or 

A2 β-CN.   

Exposure to full-fat 

cow’s cheese A1/A2 or 

A2 β-CN.  

 The study lasted two 4.5 

week periods without 

washout.  

Participants consumed 500 ml/d A1 

β-CN or A2 β-CN milk and 28 g/d 

A1 β-CN or A2 β-CN cheese. More 

specifically, all participants were 

advised to not consume dairy 

products. 

 

1. Group 1: All participants 

consumed A1 β-CN for 4.5 weeks.  

 

2. Group 2: All participants 

consumed A2 β-CN for 4.5 weeks.  

  

TGs – A1/A2 (BL): 1.48 

mmol/l 

TGs – A2 (BL): 1.48 

mmol/l 

TGs – A1/A2 (4.5w): 

1.33 mmol/l 

TGs – A2 (4.5w): 1.34 

mmol/l 

TC – A1/A2 (BL): 5.92 

mmol/l 

TC – A2 (BL): 5.92 

mmol/l 

TC – A1/A2 (4.5w): 5.60 

mmol/l 

TC – A2 (4.5w): 5.63 

mmol/l 

LDL – A1/A2 (BL): 3.97 

mmol/l 

LDL – A2 (BL): 3.97 

mmol/L 

LDL – A1/A2 (4.5w): 

3.73 mmol/l 

LDL – A2 (4.5w): 3.75 

mmol/l 

HDL – A1/A2 (BL): 1.28 

mmol/l 

HDL – A2 (BL): 1.28 

mmol/l 

HDL – A1/A2 (4.5w): 

1.26 mmol/l 

HDL – A2 (4.5w): 1.27 

mmol/l 

Kamiński, 

Cieslinska, and 

Exposure to raw bovine 

milk contain either 

TC – A1/A2 (1w): 87.33 

mg/dl 
TC – A2 (1w): 88 mg/dl 
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Fiedorowicz 

(2012) 

A1/A1 β-CN or A2/A2 

β-CN over a period of 6 

weeks. 

 All subjects were fed with the 

normal diet with addition of A1/A1 

or A2/A2 β-CN milk. 

 

1. Group 1: All participants 

consumed A1/A1 β-CN for 6 weeks.  

 

2. Group 2: All participants 

consumed A2/A2 β-CN for other 6 

weeks.  

TC – A1/A2 (2w): 89.67 

mg/dl 

TC – A2 (2w): 90.33 

mg/dl 

TC – A1/A2 (3w): 87.67 

mg/dl 
TC – A2 (3w): 87  mg/dl 

TC – A1/A2 (4w): 92 

mg/dl 
TC – A2 (4w): 87  mg/dl 

TC – A1/A2 (5w): 94 

mg/dl 

TC – A2 (5w): 92.67  

mg/dl 

TC – A1/A2 (6w): 109 

mg/dl 

TC – A2 (6w): 106.67 

mg/dl 

HDL – A1/A2 (1w): 40 

mg/dl 

HDL – A2 (1w): 43.67 

mg/dl 

HDL – A1/A2 (2w): 42 

mg/dl 

HDL – A2 (2w): 47.33 

mg/dl 

HDL – A1/A2 (3w): 

43.67 mg/dl 

HDL – A2 (3w): 46 

mg/dl 

HDL – A1/A2 (4w): 48 

mg/dl 

HDL – A2 (4w): 45.67 

mg/dl 

HDL – A1/A2 (5w): 50 

mg/dl 

HDL – A2 (5w): 49.33 

mg/dl 

HDL – A1/A2 (6w): 

55.33 mg/dl 

HDL – A2  

(6w): 54  

mg/dl 
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Table 3. The effect of bovine milk, β-CN, and BCM7 on diabetes mellitus  

 

Study Exposure Intervention (Dosage) Results 

Chin-Dusting et 

al. (2006) 

Exposure to bovine 

milk (milk powder) 

contain either A1 β-CN 

or A2 β-CN (10 g/d) 

throughout   the 24 - 

week study. 

Participants consumed 25 g/d of the 

dairy shake (A1 β-CN or A2 β-CN) 

prepared in 200 ml water or fruit 

juice. More specifically, all 

participant were advised to not 

consume dairy products (excluding 

cheese).  

 

1. Group 1: All participants 

consumed A1 β-CN for 12 weeks.  

 

2. Group 2: All participants 

consumed A2 β-CN for another 12 

weeks.  

 

Control visits were made at week: 0, 

6, 12, 18 and 24. 

 Plasma insulin concentration, A1 (mean) 

 

Baseline: 11.8 mU/l.  

After 6 weeks: 10.1 mU/l.  

After 12 weeks: 8.8 mU/l.  

Plasma insulin concentration, A2 (mean) 

 

Baseline: 11.8 mU/l.  

After 6 weeks: 7.8 mU/l.  

After 12 weeks: 9 mU/l. 

Chia et al. (2018) 

Five generations have 

been exposed to bovine 

milk diet (milk powder) 

containing either A1 β-

CN or A2 β-CN (60.53 

g/100 g) for a period of 

30 weeks. 

 

4 generations, out of F0 generation 

have been included in the study: F1, 

F2, F3, and F4 and were fed either 

A1 β-CN or A2 β-CN supplemented 

diets. 

 

Incidence of Type 1 Diabetes (T1D) 

 

No difference in diabetes incidence was observed 

between the two cohorts from F0 to F2 generations 

(F1: A1 18.4 % vs. A2 21.6 %; F2: A1 18.2 % vs. A2 

13.2 %). In F3 generation, the incidence of diabetes 

increased twice in the group which had been fed with 

A1 β-CN (40 %) in comparison with the group A2 β-

CN (20.7 %). 
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1. Group 1 (F0 – F4): Half of the 

participants consumed A1 β-CN for 

30 weeks.  

 

2. Group 2 (F0 – F4): Half of the 

participants consumed A2 β-CN for 

30 weeks.   

F4 generation: Fasting BGLs were notably higher in 

NOD mice fed with A1 β-CN (7.0 ± 0.4 mM) vs A2 

β-CN (5.5 ± 0.5 mM, p<0.05). 

F0 - F4 generations: Splenic CD4+CD25+FoxP3+, 

CD4+CD25-FoxP3+, macrophage, CD4+, CD8+, B-

cell number had not been changed in NOD mice 

which consumed A1 β-CN or A2 β-CN. Only 

significant decrease in Treg from CD4+CD25-FoxP3+ 

was observed in subjects consuming A1 β-CN diet.  

The presence of BCM7 peptide in both types of diet 

and all generations was not detected.  

Compared to A2 β-CN fed NOD mice, A1 β-CN 

supplementation increased the level of several 

bacterial species, such as Streptococcus pyogenes & 

Streptococcus suis (bacteria related with incidence of 

T1D). 

Both A1 β-CN and A2 β-CN supplemented diet did 

not have an effect on the gastrointestinal integrity of 

the mice. 
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Table 4. The effect of bovine milk, β-CN, and BCM7 on neurological disorders 

 

Study Exposure Intervention (Dosage) Results 

González-

Domenech et al. 

(2020) 

Normal diet (ND); and 

Gluten-free and Casein-

free diet (GFCF) were 

examined in the study 

over a period of 1 year. 

No washout between 

treatments. 

1. Group 1: All participants were consuming 

a ND for 6 months. 

 

2. Group 2: All participants were consuming 

a GFCF diet for 6 months. 

 

3. Group 1: All participants were consuming 

a GFCF for additional 6 months. 

 

4. Group 2: All participants were consuming 

a ND diet for additional 6 months. 

BCM7 concentration in patients’ urine 

(mean ± SEM) 

 

 

1. Before the GFCF diet: 3.63 ± 4.4 ng/ml (n 

= 17). 

 

2. After the GFCF diet: 2.30 ± 3.0 ng/ml (n = 

10). 

 

No significant decrease of BCM7 in urine 

after the examination period. 

Jianqin et al. 

(2015) 

Cow's milk containing 

either A1/A2 β-CN 

(conventional milk) 

with a ratio of 58:42 or 

only A2 β-casein 

(industry milk). The 

duration of the 

examination was 14 

days. 

1. 2 weeks (Initially): Group 1 = A1 - β-CN 

& Group 2 = A2 - β-CN: were consuming 

250 ml/day of their allocated milk after 

meals. 

 

2. After that 2 Weeks: Washout period – no 

dairy products. 

 

3. Finally another 2-week period:  Group 1* 

= A2 - β-CN & Group 2* = A1 - β-CN: 

were consuming 250 ml/day of their 

allocated milk after meals. 

Subtle Cognitive Impairment Test 

 

The computer-based test for speed and 

effectiveness showed that participants who 

consumed milk containing A1/A2 β-CN 

genetic variant demonstrated slightly longer 

processing times and higher error levels 

comparable to participants who consumed 

only milk consisting of A2 β-CN genetic 

variant. 
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Table 5. The effect of bovine milk, β-CN, and BCM7 on athletes’ performances and other health-related outcomes 

 

Study Exposure Intervention (Dosage) Results 

Yadav et al. 

(2020) 

Fat-free bovine milk 

contain either A1/A1, 

A1/A2, or A2/A2 β-CN 

over a period of 30 

weeks (the treatment 

has been maintained for 

5 days a week in 

addition to the standard 

pellet diet - a quantity 

equivalent to a one 

glass of milk for 

humans). 

Male Balb/c mice were randomly 

divided into 4 experimental groups: 

 

1. Control: RO water (water purified 

by reverse osmosis). 

 

2. A1/A1: RO water + 10 ml/kg body 

weight A1/A1 milk (oral gavage). 

 

3. A1/A2: RO water + 10 ml/kg body 

weight A1/A2 milk (oral gavage). 

 

4. A2/A2: RO water + 10 ml/kg body 

weight A2/A2 milk (oral gavage). 

Airway hyperresponsiveness (Flexi Vent) 

  

1. Penh: A1/A1 > A2/A2 

2. Airway resistance (AR): A1/A1 > Control and 

A2/A2 

3. Penh + AR: Intermediate response = A1/A2 

Th2 cytokines levels in mice lungs 

 

1. Control: 

- IL-4 in BAL (≈ 16.0 pg/ml); 

- IL-5 in BAL (≈ 12.0 pg/ml); 

- IL-5 in serum (≈ 5.71 pg/ml); 

- INFy in BAL (≈ 13.7 pg/ml); 

- INFy in serum (≈ 32.0 pg/ml). 

 

2. A1/A1: 

- IL-4 in BAL (≈ 54.0 pg/ml); 

- IL-5 in BAL (≈ 33.1 pg/ml); 

- IL-5 in serum (≈ 32.0 pg/ml); 

- INFy in BAL (≈ 14.3 pg/ml); 

- INFy in serum (≈ 33.1 pg/ml). 

 

1. A1/A2: 

- IL-4 in BAL (≈ 38.9 pg/ml); 

- IL-5 in BAL (≈ 24.0 pg/ml); 

- IL-5 in serum (≈ 11.4 pg/ml); 

- INFy in BAL (≈ 16.0 pg/ml); 
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- INFy in serum (≈ 32.0 pg/ml). 

 

1. A2/A2: 

- IL-4 in BAL (≈ 18.9 pg/ml); 

- IL-5 in BAL (≈16.0 pg/ml); 

- IL-5 in serum (≈ 10.3 pg/ml); 

- INFy in BAL (≈ 17.1 pg/ml); 

- INFy in serum (≈30.3 pg/ml). 

IgG and IgE levels in mice lungs 

 

1. Control: 

- IgE in BAL (≈ 12.4ng/ml); 

- IgG in BAL (≈ 2739 ng/ml); 

- IgE in serum (≈ 2143 ng/ml); 

- IgG in serum (≈ 928571 ng/ml). 

 

2. A1/A1: 

- IgE in BAL (≈ 14.8 ng/ml); 

- IgG in BAL (≈ 8095 ng/ml); 

- IgE in serum (≈ 4929 ng/ml); 

- IgG in serum (≈ 1160714 ng/ml). 

 

3. A1/A2: 

- IgE in BAL (≈ 13.3 ng/ml); 

- IgG in BAL (≈ 4881 ng/ml); 

- IgE in serum (≈ 3214 ng/ml); 

- IgG in serum (≈ 982143 ng/ml). 

 

4. A2/A2: 

- IgE in BAL (≈ 12.90 ng/ml); 

- IgG in BAL (≈ 4643 ng/ml); 

- IgE in serum (≈1714 ng/ml); 
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- IgG in serum (≈ 1160714 ng/ml). 

Cellular infiltration of lymphocytes and 

eosinophils in mice 

 

1. Control: 

- Tot. BAL C x 105 (≈ 0.87); 

- Tot. Blood C x 106 (≈ 12.8); 

- Eosi. BAL C x 105 (≈ 0.01); 

- Eosi. Blood C x 106 (≈ 0.05); 

- Lym. BAL C x 105 (≈0.05); 

- Lym. Blood C x 106 (≈ 8.60). 

 

2. A1/A1: 

- Tot. BAL C x 105 (≈ 1.87); 

- Tot. Blood C x 106 (≈ 17.1); 

- Eosi. BAL C x 105 (≈ 0.04); 

- Eosi. Blood C x 106 (≈ 0.08); 

- Lym. BAL C x 105 (≈ 0.08); 

- Lym. Blood C x 106 (≈ 10.8). 

 

3. A1/A2: 

- Tot. BAL C x 105 (≈ 1.6); 

- Tot. Blood C x 106 (≈ 14.4); 

- Eosi. BAL C x 105 (≈ 0.03); 

- Eosi. Blood C x 106 (≈ 0.07); 

- Lym. BAL C x 105 (≈ 0.06); 

- Lym. Blood C x 106 (≈ 8.80). 
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4. A2/A2: 

- Tot. BAL C x 105 (≈ 0.70); 

- Tot. Blood C x 106 (≈ 12.3); 

- Eosi. BAL C x 105 (≈ 0.01); 

- Eosi. Blood C x 106 (≈ 0.05); 

- Lym. BAL C x 105 (≈ 0.05); 

- Lym. Blood C x 106 (≈ 8.40). 

Kirk et al. (2017) 

Diet with semi-

skimmed bovine milk 

contain either A1/A2 β-

CN - regular milk (RM) 

or A2 β-CN for a period 

of 5 days. Placebo 

group (PL) (50 g 

maltodextrin mixed 

with water) has been 

invited. 

Participants randomly separated in 

three groups consumed 500 ml/d 

A1/A2 β-CN RM or A2 β-CN milk. 

More specifically, all participant 

were advised to not consume 

additional dairy products. 

 

1. Group 1 (RM): 7 team sport 

players consumed RM (A1/A2) β-

CN for 4 days.  

 

2. Group 2: 7 team sport players 

consumed A2 β-CN for 4 days.  

 

3. Group 3 (PL): 7 team sport players 

consumed maltodextrin mixed with 

water for 4 days.  

 

Control visits were made at 0, 24, 48, 

72 h. 

20 - m Sprint 

 

1. 0 and 24 h: No differences between groups have 

been found. 

 

2. 48 h: Sprint time recovered quicker in A2 β-CN 

and RM consumers in contrast with the PL 

consumers, representing 3.3 ± 0.1, 3.3 ± 0.3, and 3.6 

± 0.3, respectively. Moreover, the repeated sprint 

bout decreased decrements by 5.1 % (A2 β-CN) and 

5.2 % (RM) immediately after the 20 - m sprint time 

(p<0.05). 

Countermovement jump height (CMJ):  

 

48 h: CMJ recovered quicker in A2 β-CN and RM 

consumers in contrast with the PL consumers, 

representing 33.4 ± 6.6, 33.1 ± 7.1, and 29.2 ± 3.6, 

respectively. Moreover, the repeated sprint bout 

decreased decrements by 7.2 % (A2 β-CN) and 6.3 % 

(RM) immediately after the CMJ height (p<0.05). 

Maximal Voluntary Isometric Contraction 

(MVIC):  

 

There were not shown any differences between the 

time and groups (p>0.05). 
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Visual Analogue Scale (Muscle Soreness): 

 

There were not shown any differences between the 

time and groups (p>0.05). 

Deth, Clarke, Ni, 

and Trivedi 

(2015) 

Bovine milk containing 

either A1/A2 β-CN 

(conventional milk) 

with a ratio of 58:42 or 

only A2 β-CN (industry 

milk). The duration of 

the examination was 14 

days. 

1. 2 weeks (Initially): Group 1 = 

A1 β-CN and Group 2 = A2 β-

CN: were consuming 250 ml/day 

of their allocated milk after 

meals. 

2. After the 2 Weeks: Washout 

period – no dairy products. 

3. Finally another 2-week period:  

Group 1 = A2 β-CN and Group 2 = 

A1 β-CN: were consuming 250 

ml/day of their allocated milk after 

meals. 

Plasma Glutathione (GSH - mean ± SE):  

 

1. A1/A2 β-CN: 1.99 ± 0.50 nmol/ml 

 

2. A2 β-CN: 4.01 ± 0.61 nmol/ml 

 

The change of the GSH concentrations was higher in 

the first period [Sequence = A2 to A1/A2 (4.07 

nmol/ml) in comparison with the second period 

sequence = A1/A2 to A2 (2.70 nmol/ml) for 1.37 

nmol/ml]. 

 

BCM7 concentrations 

1. A1/A2 β-CN: 0.87 - 0.98 ng/ml 

2. A2 β-CN milk: 0.71–0.73 ng/ml 
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Explanation of the terms used within the thesis 

 

1. Proteoform refers to the different forms of proteins produced from the genome with a 

variety of sequence variations, splice isoforms, and myriad posttranslational modifications that 

are critical elements in all biological systems (Smith et al., 2013). A case in point is β-casein 

A2-5P, a proteoform that refers to a genetic variant β-casein A2. 

2. Genetic variant of a protein refers to a version of the protein that is encoded by a 

different allele (variant) of the gene that codes for that protein. These variants can result in 

differences in the amino acid sequence of the protein, which can affect its structure, function, 

and properties (Caroli, Chessa, & Erhardt, 2009). In particular, β-casein A1 and β-casein A2 

are genetic variants. 

3. Phenotype is the observable trait that is the result of the interaction between its genetic 

makeup (genotype) and the environment. Identifying phenotypes of proteins is a central 

challenge of modern genetics in the post-genome era and this is still a discussion at the protein 

level up until now (Hu et al., 2011). For instance, β-casein A1/A1, β-casein A1/A2 and β-casein 

A2/A2 are phenotypes.  

4. Haplotype is at the gene level rather than the protein level. Haplotype refers to groups 

of genetic variants that co-occur on single chromosomes (Snyder, Adey, Kitzman, & Shendure, 

2015). Namely, at the casein locus, CSN1S1 [B] - CSN1S2 [A] - CSN2 [A2] - CSN3 [A] is a 

haplotype and it represents a cow whose genomic DNA encodes for αs1-casein B, αs2-casein 

A, β-casein A2, and κ-casein A. 

5. Genotype refers to the entire collection of genes of an organism, not limited to a single 

chromosome or locus on a chromosome. And this is also at the gene level, rather than a protein 

level (Churchill, 1974; Johannsen, 1911; Mahner & Kary, 1997).  
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