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INTRODUCTION

Cattle’s milk and its by-products are nutrient-dense foods, 
making them an essential source of  protein, vitamins, and 
minerals required for human health (Clegg et al., 2021; 
Miluchová et al., 2018; Sebastiani et al., 2020). Technical efforts 
to increase milk safety, quality, and chemical composition by 
implementing standard animal breeding practices, controlling 
environmental factors, and selecting favorable haplotypes are 
significant in the modern dairy industry (Brito et al., 2021; 
Caroli et al., 2009; Marchitelli et al., 2013). In ruminant milk, 
casein accounts for nearly 80% of  its total protein and is 
physiochemically encoded by four casein haplotype genes, 
which are α-S1-CN (CSN1S1), α-S2-CN (CSN1S2), β-CN 
(CSN2), and κ-CN (CSN3), located in a 250-kb spanning 
region on bovine chromosome 6 (Caroli et al., 2009; 
Kolenda et al., 2021; Vanvanhossou et al., 2021). Among 

those haplotypes, the CSN2 gene plays an essential role in 
the determination of  the surface properties of  the casein 
micelles, influences milk yield, physicochemical properties, 
quality, composition, processability, and nutrition balance in 
dairy products (Cieślińska et al., 2019; Dai et al., 2016; Gai et al., 
2021; St-gelais and Haché, 2005). In cattle’s milk, β-CN is 
observed as the most polymorphic gene region and comprises 
36–45% of  total casein with 209 amino acid residues and a 
molecular weight of  23,983 kDa (Cieślińska et al., 2019; Dai 
et al., 2016; Fuerer et al., 2019; Yasmin et al., 2020).

In recent years, the genetic polymorphisms of  the CSN2 
gene have received considerable attention in the animal 
breeding and dairy industry due to their correlation with 
milk production traits, quality, and β-casomorphins 
(BCMs) (Čítek et al., 2019; Nuhriawangsa et al., 2021; 
Pedrosa et al., 2021). CSN2 gene polymorphisms in the 

The recent findings on β-casein (β-CN) A2 cattle’s milk variant have triggered global research interest, as it is claimed to be a safer 
choice for human health. Only a few studies have been performed to investigate the presence of β-CN A1 and A2 alleles of the CSN2 
gene in dual-purpose Simmental and Angus cattle in Yunnan province, China. This present study aimed to genotype cattle producing A2 
milk, predict the physicochemical properties, and quantify the isoform concentration of β-CN A2 protein. Blood samples were collected 
from 286 cattle (201 Simmental and 85 Angus breeds). Genotyping was performed using polymerase chain reaction-restriction fragment 
length polymorphism (PCR-RFLP) coupled with the sequencing method. Physicochemical properties were predicted using several web-
based bioinformatics tools. A sandwich enzyme-linked immunosorbent assay (ELISA) was used to measure β-CN A2 protein isoform 
concentration in fresh A2 milk. Allele frequencies of β-CN A2 were more dominant in Simmental (0.642) and Angus (0.835) than A1. 
The β-CN A1A2 genotype was most frequent in Simmental (44.8%), while A2A2 genotype was primarily found in Angus (70.6%). The 
predicted monoisotopic mass, molecular weight, isoelectric point (pI), net charge at pH 7, total number of atoms, instability index, and 
grand average of hydropathicity (GRAVY) of β-CN A2 were 23,567.23 Da, 23,582.30 Da, 5.24, –6.5, 3,357, 96.53, and –0.355, 
respectively. The β-CN A2 protein isoform concentration in Angus (17.8 ng/ml) was higher than in Simmental (16.7 ng/ml). Identifying 
β-CN A2 milk provides new insights for screening favorable alleles and establishing breeding programs based on marker-assisted selection.
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Bos genus have 12 known genetic variants; these are A1, 
A2, A3, B, C, D, E, F, G, H1, H2, and I, of  which variants 
A1 and A2 are predominant and considered an ancestor 
type (Antonopoulos et al., 2021; Cieślińska et al., 2019; 
Gai et al., 2021; Sebastiani et al., 2020). Substitution 
of  C→A in the single nucleotide polymorphism (SNP) 
site of  the CSN2 gene at g.8101C>A in exon 7 in the 
amino acid codon 67 causes the alteration of  proline 
to histidine (Kumar et al., 2019). In the CSN2 gene 
variant A1, the A-nucleotide releases His67, producing 
an β-CN A1 milk that has the potential to release 
β-casomorphin-7 (BCM-7), a bioactive peptide with 
opioid properties. Meanwhile, the C-nucleotide cleaves 
Pro67 in CSN2 gene variant A2, resulting in β-CN A2 
milk with higher protein and fat concentrations as well as 
a higher milk yield (Brooke-Taylor et al., 2017; Demirel 
and Çak, 2018; Rangel et al., 2016).

Previous studies reported that the presence of  BCM-7 
in cattle’s milk is claimed to have an association with a 
risk factor for several human diseases, including cattle’s 
milk protein allergy (CMPA), ischemic heart disease, 
cardiovascular diseases, type 1 diabetes, atherosclerosis, 
sudden infant death syndrome, autistic disorders, 
inflammatory response, gastrointestinal discomfort 
reaction, and delayed gastrointestinal transit time (Park and 
Haenlein, 2021; Rangel et al., 2016; Ul Haq, 2020). Due 
to the potential adverse implications of  consumption of  
milk containing BCM-7 on human health, increasing food 
safety awareness, and the significant growth of  market 
demand for β-CN A2 milk in China, it is necessary to 
screen for the presence of  β-CN A1 and A2 alleles of  the 
CSN2 gene in the dairy cattle population. The objectives 
of  this present study were to determine the frequency of  
β-CN A2 allele compared to A1 allele of  the CSN2 gene 
at the SNP site of  g.8101C>A in dual-purpose Simmental 
and Angus cattle breeds using PCR-RFLP coupled with 
the sequencing method, to predict the physicochemical 
protein properties of  β-CN A2, and to measure β-CN A2 
protein isoform concentration in A2 milk samples using 

the sandwich ELISA approach. This present study is the 
first investigation of  the allele frequencies and detailed 
in silico physicochemical properties of  β-CN A2 protein 
compared with β-CN A1 in Simmental and Angus cattle 
breeds in Yunnan province, China.

MATERIALS AND METHODS

Animal ethics approval
Experimental procedures and animal welfare in this study 
were carried out in compliance with the Care and Use 
Guide of  Laboratory Animals approved by the Institutional 
Animal Ethical Committee (IAEC) of  Yunnan Agricultural 
University, China (July 14, 2020).

Genomic DNA extraction
All observed animals, including Simmental (n = 201) 
and Angus (n = 85), were randomly selected for the 
genomic DNA-based analysis from Shilin dairy farms 
in Kunming city, which is one of  the biggest centers 
of  dairy farming in Yunnan province, southwestern 
China. Approximately 3–5 ml of  fresh blood samples 
from each cattle’s jugular vein were collected, stored in 
sterile ethylenediaminetetraacetic acid (EDTA) vacutainer 
tubes, and maintained at –18°C in the freezer for further 
analysis (Fig. 1a). The DNA was extracted from 200 µl of  
whole blood sample using the TIANamp blood DNA kit 
DP318 (Beijing Tiangen Biotechnology Co., Ltd., China), 
following the manufacturer’s guidelines. Genomic DNA 
quality results from Simmental and Angus cattle breeds 
were qualitatively documented on 1% gel electrophoresis in 
1X TAE buffer after a 30 min reaction at 100 V (Fig. 1b). 
The purity and concentration of  the genomic DNA 
were quantitatively measured using the NanoDrop 2000 
Spectrophotometer (Thermo Fisher Scientific Co., Ltd., 
USA), which indicated that the optical density ratio of  all 
samples ranged from 1.6 to 1.9 at OD260/OD280 nm, and 
the concentration varied from 100 to 150 ng/µl. DNA 
samples were kept at –40°C until further analysis.

Fig 1. (a) Whole blood samples collected from Simmental and Angus cattle breeds; (b) Genomic DNA quality results from Simmental and Angus 
cattle breeds. Lane 0: DNA marker (1000 bp). Lane 1–4: genomic DNA of Simmental cattle and lane 5–8: genomic DNA of Angus cattle (4 µl).

a b
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chromatogram (Fig. 2). Allele and genotype frequencies 
were measured using the formula described by Nei 
and Kumar (2000). Meanwhile, the allele and genotype 
frequencies and the conformity with Hardy-Weinberg 
Equilibrium (HWE) were calculated using GenAlEx 
software version 6.51b2 (https://biology-assets.anu.edu.
au/GenAlEx/Download.html) running on Excel 2016 
for Windows (Microsoft Corp., Redmond, USA) (Smouse 
et al., 2017). In this framework, the allele frequency of  each 
cattle breed was analyzed using a χ² standard Pearson’s 
goodness-of-fit chi-squared test to determine departure 
from HWE based on the frequency of  observed and 
expected genotypes (α = 0.05) (Nei and Kumar, 2000; 
Rousset, 2008). The null hypothesis of  the right-tailed 
probability of  the chi-squared distribution of  allele and 
genotype frequencies is rejected when the p-value is lower 
than 0.05.

In silico analysis of β-CN protein variants A1 and A2
In this study, the physicochemical properties, amino acid 
compositions, and allergenicity probability of  β-CN 
protein variants A1 and A2 protein were predicted in silico 
using publicly available web-based bioinformatics tools. 
Obtained sequences from previous sequencing reactions 
were translated into amino acid sequence proteins using 
the BIOPEP tool (http://www.uwm.edu.pl/biochemia/
index.php/en/biopep/) and compared with the amino 
acid sequence database in BIOPEP (ID 1097 for β-CN A1 
and 1098 for β-CN A2) and NCBI GeneBank (Minkiewicz 
et al., 2019). In BIOPEP, theoretical chemical mass and 
monoisotopic mass can also be predicted. According to 
Pooja et al. (2017), the protein-peptide was then inputted 
to ProtParam tool (https://web.expasy.org/protparam/) 
to obtain estimated data about the theoretical isoelectric 
point, amino acid composition, and molecular weight. The 
prediction of  allergenicity was performed using the Allergen 
F.P. tool (https://ddg-pharmfac.net/AllergenFP/). The 
peptide extinction coefficient, net charge at pH 7, aliphatic 
index, grand average of  hydropathicity, estimated solubility 
in water, and chemical formula, were calculated using the 
PepCalc tool (https://pepcalc.com/).

β-CN A2 protein isoform concentration measurement
Fresh β-CN A2 milk samples were collected in triplicate 
from each cattle breed carrying the A2A2 genotype. A total 
of  500 ml of  milk samples were collected in sterilized 
plastic bottles, labelled, stored under 4°C, and transferred to 
the College of  Food Science and Technology laboratory for 
further analysis. Milk samples were routinely analyzed for 
chemical analyses, including protein, fat, total solids, solids-
non-fat/SNF, ash content, and pH using an automatic 
MilkoScan analyzer FT2 (FOSS Electric A/S Analytics, 
Hillerød, Denmark), according to the manufacturer’s 
guidelines. Total protein in A2 milk samples was quantified 

Amplification protocols
A pair of  forward and reverse primers were designed using 
Primer3 version 4.1.0 software (https://bioinfo.ut.ee/
primer3/) to amplify the specific fragment of  CSN2 gene at 
the SNP site of  g.8101C>A in exon 7 (GeneBank accession 
number M55158); forward primer 5’-CAC CTG TGA AGA 
AAG TGG GTT A-3’ and reverse primer 5’-ACT GTG 
CTG TTT AAC TTC TGA TG-3’ (Table S1) (Cieślińska 
et al., 2019; Untergasser et al., 2012). Besides, the reference 
sequences of  polymorphic CSN2 gene, including β-CN A1 
allele (codon CAT) were accessed from GeneBank accession 
number JX273430.1, and β-CN A2 allele (codon CCT) 
were accessed from JX273429.1. The PCR amplification 
protocol was performed in a gradient thermal cycler A2000 
(Hangzhou LongGene Scientific Instrument Co., Ltd., China) 
according to the following program described elsewhere by 
Cieślińska et al. (2019), with slight modifications: 95°C for 
3 min (pre-denaturation) as the first phase, followed by 95°C 
for 30 sec (denaturation), 60°C for 45 sec (annealing) with 
1°C stepwise temperature intervals per cycle, 72°C for 1 min 
(elongation), 72°C for 5 min (extension), where the number 
of  cycles was 25 and cooling at 4°C. The contents of  the 
25-µL reaction mixture volume consisted of  2X Taq PCR 
mix (Beijing Tsingke Biological Technology Co., Ltd., China), 
150 ng of  DNA, 1 µl of  primer forward and reverse, and 
free-nuclease water. The amplified products were evaluated 
by electrophoresis on a 2% agarose gel (w/v) at 120 V for 
20 min with ethidium bromide (EtBr) staining.

Genotyping alleles polymorphism and sequencing
PCR-RFLP was used in genotyping the presence of  β-CN 
A1 and A2 allele polymorphisms according to Antonopoulos 
et al. (2021), with slight modifications. A total of  6 µl 
amplified touchdown PCR products were digested using 1 
µl NEB 2 U DdeI R0175S restriction enzyme (New England 
Biolabs Co., Ltd., UK). Furthermore, PCR products were 
then purified using a BigDye Xterminator purification 
kit (Applied Biosystems, Carlsbad, CA, USA) and further 
sequenced on an automatic Genetic Analyzer ABI 3730xl 
(Applied Biosystems, Carlsbad, CA, USA), following 
standard protocols described by the manufacturer.

Sequence analysis
Chromas software version 2.6.6 (http://technelysium.
com.au/wp/chromas/) was used to interpret the obtained 
sequence data (Fig. S1) (Goodstadt and Ponting, 2001). 
Multiple sequence alignments were analyzed using the 
ClustalW tool in the BioEdit v7.2.5 software (Fig. S1) 
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html) 
(Alzohairy, 2011). The amino acid sequence translated 
from the DNA coding sequence was analyzed using the 
EDIT Seq tool in the LASERGENE genomic software 
(DNASTAR, Inc., USA) (Burland, 2000). Polymorphic 
sites were determined by visual observation of  the 
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RESULTS AND DISCUSSION

Gene and genotypic frequencies
In this present work, we detected the CSN2 gene variants 
A1 and A2 caused by SNP at rs43703011A>C, g.8101C>A 
site in exon 7, affecting the nucleotide transversion of  
codon CCT (proline) by CAT (histidine) at position 67 of  
the amino acid sequence at the same Bos taurus autosome 
(BTA) position 6:87181619 (Ensembl transcript ARS-
UCD1.2: CSN2-201) (Table 1, Fig. 3, and Fig. S3). In the 
Chinese Simmental and Angus cattle population, three types 
of  genotypes, including A1A1 (a single band in 345 bp and a 
121-bp outer product), A1A2 (a double band in 345 bp and 
284 bp, with a 121-bp outer product), and A2A2 (a single 
band in 284 bp and a 121-bp outer product), were observed 
using PCR-RFLP (Fig. 3). To validate our PCR-RFLP 
assay with DdeI-restriction enzyme, before genotyping for 
all individuals within the population, we first genotyped 
30 cattle with previously identified CSN2 genotypes using 
genomic sequencing. The PCR-RFLP genotyping results 

Fig 2. The sequencing results of the polymorphism of CSN2 gene at the SNP site of g.8101C>A in exon 7. Homozygous A1A1 genotype (codon 
CAT, responsible in producing A1 milk variant) (a), homozygous A2A2 genotype (codon CCT, responsible in producing A2 milk variant) (b), and 
heterozygous A1A2 genotype (codon CC/AT, responsible in producing A1 milk variant) (c).

a

b

c

using a bicinchoninic acid (BCA) assay kit (Beijing Solarbio 
Science and Technology Co. Ltd., China), following the 
manufacturer’s guidance. The measurement of  β-CN A2 
protein isoform concentration in fresh A2 milk samples was 
directly performed using the bovine β-CN A2 sandwich 
ELISA kit BEK-2244-1P (Biosensis Pty. Ltd., Australia), 
following the manufacturer’s instructions. The sandwich 
assay was performed using affinity-purified rabbit anti-
bovine β-CN polyclonal antibodies (pAbs) pre-coated on 
a 96-well plate. The A2 specific chicken pAbs was used 
for β-CN A2 protein standards were used to determine 
the β-CN A2 protein concentration based on the standard 
curve with an assay range of  3.1 ng/ml–200 ng/ml. 
The intensity of  color development that relies on the 
concentration of  β-CN A2 protein isoform in milk samples 
was measured with a Multiskan FC microplate reader 
(Thermo Fisher Scientific Co., Ltd., USA) at an absorbance 
of  450 nm, and the optical density values of  standards and 
samples were interpreted using SkanIt software (Thermo 
Fisher Scientific Co., Ltd., USA).
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were completely consistent with the sequencing results, 
indicating that the A1A1, A1A2, and A2A2 genotypes 
could be accurately screened. As PCR-RFLP facilitated 
us to determine the specific targeted allele in real time, we 
could genotype the CSN2 gene locus more quickly and 
easily compared to high-throughput methods, such as the 
sequencing approach. The genotyping method with blood 
sampling and the PCR-RFLP showed high performance for 
routine screening of  β-CN genotypes. Thus, we concluded 
that the performance of  the PCR-RFLP assay with DdeI 
could be used for CSN2 genotyping. Blood sampling 
from observed animals, commonly considered the “gold 
standard” method for genetic testing quality, has been a 

main key to genomic sequencing and studies that expand 
the understanding of  the biomarker for A2 milk variant (de 
Vries et al., 2022; Goud et al., 2018). However, it requires 
appropriate medical equipment and skillful veterinarians.

Herein, we have also shown that the joint application of  
PCR-RFLP and sequencing assays targeting the same 
tag can technically increase genotypic concordance. For 
molecular laboratories unable or unwilling to implement 
a high-throughput genotyping approach, the most cost-
effective and robust method for precise genotyping of  
β-CN A1 and A2 alleles, which reduces false positives at 
the outlay of  some false negatives, would continue to apply 
a DdeI-based assay to each DNA specimen in an observed 
population. The PCR-RFLP assay with various restriction 
enzymes has been applied in several recent β-CN A1 and 
A2 genotyping in dairy cattle worldwide, for example, using 
DdeI in Greek and Sri Lankan studies, TaqI in an Indian 
study, and MspI in an Indonesian study (Antonopoulos 
et al., 2021; Kumar et al., 2019; Nuhriawangsa et al., 2021; 
Rupasinghe et al., 2020; Sodhi et al., 2018). In this present 
work, we did not detect the rare CSN2 gene variants B, C, 
I, and L previously reported in Holstein (Yamada et al., 
2021), German Yellow (Gallinat et al., 2012), Deutsches 
Schwarzbuntes Niederungsrind (DSN) (Meier et al., 2019), 
and West African taurine crossbreeds (Vanvanhossou et al., 
2021), respectively. According to allele frequency analysis, 
the β-CN A2 rs43703011C allele, was more dominant than 
the A1 rs43703011A allele in both Simmental and Angus 
cattle breeds, which were 0.642 and 0.835, respectively. The 
β-CN A1A2 genotype was most prevalent in Simmental, 
compared to A2A2 and A1A1 genotypes, which were 
0.448, 0.418, and 0.134, respectively. In contrast, in Angus, 
the maximum β-CN genotype frequency was revealed by 
A2A2 (0.706), followed by A1A2 (0.259) and A1A1 (0.035). 

Fig 3. Representative electrophoretic profiles of PCR-RFLP products of 
three different genotypes (homozygous A1A1 genotype, homozygous 
A2A2 genotype, and homozygous A1A2 genotype). The three types of 
the band are associated with CSN2 allele polymorphisms. The DdeI 
restriction enzyme digested the fragment C^TNAG, demonstrated a 
single band in 284 bp and a 121-bp outer product, recognized it as 
homozygote A2A2 genotype (sample numbers 1, 4, 5, 6, 9, and 12). 
Conversely, when the enzyme failed to digest the amplified fragment, 
homozygote A1A1 genotype produced a single band in 345 bp and a 121-
bp outer product (10), and heterozygote A1A2 produced a double band 
in 345 bp and 284 bp, with a 121-bp outer product (2, 3, 7, 8, and 11).

Table 1: Description (gene, variant, exon, BTA: bp, SNP ID, and protein position) of the four milk casein genes (CSN1S1, CSN1S2, 
CSN2, CSN3) causing amino acid sequence polymorphisms.
Gene Protein Variant Exon BTA: bp Reference SNP ID Allele Amino acid Protein sequence position
CSN1S1 α-S1 CSN1S1B 6:87157262 rs43703010 A/G Glu 207 (192) 
CSN1S2 α-S2 CSN1S2A 6:87266177 rs441966828 C/T Ser 23 (8) 
CSN2 β CSN2A1 6:87181619 rs43703011 T/G His 82 (67) 

CSN2A2 6:87181619 rs43703011 T/G Pro 82 (67) 
CSN2I 6:87181542 rs109299401 T/G Leu 108 (93) 
CSN3A 6:87390576 rs43703015 T/C Thr 157 (136) 

6:87390612 rs43703016 C/A Ala 169 (148) 
6:87390632 rs43703017 A/G Ser 176 (155) 

CSN3 κ CSN3B 6:87390576 rs43703015 T/C Ile 157 (136) 
6:87390612 rs43703016 C/A Asp 169 (148) 

CSN3E 6:87390632 rs43703017 A/G Gly 176 (155) 
Bovine milk protein variants were identified following previous nomenclature (Ahmed et al., 2016; Caroli et al., 2009; Tetens et al., 2014). The presence 
of CSN2 gene variants A1 (CSN2A1) and A2 (CSN2A2) observed in this present study is due to an SNP at the same BTA position of 6:87181619. The 
amino acid position was observed based on the reference protein sequence obtained from Ensembl genome database release v93 ARS-UCD1.2 UMD3.1 
(GCA_002263795.2) assembly (http://www.ensembl.org/Bos_taurus/Info/Index), accessed on December 14, 2021. BTA CSN1S2A, CSN1S1B, CSN2A2, 
and CSN3 were accessed from Ensembl ID: ENSBTAG00000007695, ENSBTAG00000005005, ENSBTAG00000002632, and ENSBTAG00000039787, 
respectively. Mature protein positions are presented in parentheses and according to the protein sequence reference accessed from Ensembl.

http://www.ensembl.org/Bos_taurus/Info/Index
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The χ² values of  the observed cattle population were 
significantly smaller than the probability value of  5.991 
(d.f. = 2; p<0.05) and rejected the null hypotheses, showing 
that the allele frequencies of  both cattle breeds fit with 
the HWE proportion (Table 2). The results of  right-tailed 
probability analysis of  a chi-squared distribution analysis 
exhibited p-values for both cattle breeds that were higher 
than α = 0.05 (0.934 for Simmental and 0.861 for Angus), 
indicating that observed allele frequencies are significantly 
not associated with expected ones.

Allele frequencies revealed in this investigation were similar 
to the allele frequencies observed among the Simmental, 
Angus, Holstein-Friesian, and other minor breeds in other 
countries, such as Germany, Denmark, Croatia, Indonesia, 
Greece, Japan, Italy, China, Turkey, Iran, Poland, and the 

Netherlands. However, allele frequency investigations 
in different places showed different results, having been 
reported that the allele frequency of  β-CN A1 in Angus 
(n = 77) in the USA was higher than the A2, and both alleles 
had the same frequencies in Holestein-Friesian (n = 119) 
in other Iranian studies (Table 3). The differences in β-CN 
A1 and A2 allele frequencies are likely due to crossbreeding 
programs and technical farming practices. The variation 
in SNPs provides extensive information about milk 
composition’s phenotypic characteristics and generates 
a reference for designing sustainable genetic selection. It 
was also reported that the existence of  β-CN A2 allele in 
cattle and buffalo milk indicates a higher chemical quality, 
in particular triglycerides and reduced serum cholesterol 
(Oleński et al., 2012). In addition, Miluchová et al. (2014) 
reported that fat and protein concentrations in milk 

Table 2: Genotype and allele frequencies in CSN2 gene at SNP site of g. 8101C>A in exon 7 in two dairy cattle breeds.
Breed n Genotype frequencies Allele frequencies χ² p‑value (d.f. = 2)

A1A1 A2A2 A1A2 A1 A2
Simmental 201 0.134 0.418 0.448 0.358 0.642 0.138 0.934
Angus  85 0.035 0.706 0.259 0.165 0.835 0.299 0.861

n: total number of genotyped animals; d.f.: degree of freedom. A χ² standard Pearson’s goodness-of-fit Chi-squared test was used to determine departure of the 
genotype and allele frequency of each cattle breed from HWE. The P value of each cattle breed in degree of freedom of 2 was higher than 0.05, indicating than 
null hypothesis of the right-tailed probability of the Chi-squared distribution of allele and genotype frequencies is fail to reject.

Table 3: Prevalence of CSN2 gene variants A1 and A2 in Simmental, Angus, Holstein‑Friesian, and several minor cattle breeds 
worldwide (data sorted by year).
Breed Country  Allele Frequency n Reference

A1 A2
Simmental China

Germany
Denmark
Croatia

0.360
0.145
0.327
0.370

0.640
0.446
0.673
0.630

201
217

2,626
621

Present data
Meier et al., 2019
De Noni et al., 2009
De Noni et al., 2009

Angus China
Germany
USA

0.167
0.032
0.950

0.833
0.644
0.050

 85
276
77

Present data
Meier et al., 2019
De Noni et al., 2009

Holstein-Friesian Indonesia
Greece
Japan
Italy
China
Iran
Turkey
Turkey
Poland
Netherlands

0.084
0.256
0.320
0.371
0.432
0.500
0.266
0.485
0.350
0.280

0.916
0.744
0.640
0.546
0.495
0.500
0.614
0.456
0.650
0.500

70
780
311

1,226
133
119
415
49

650
1,929

Nuhriawangsa et al., 2021
Antonopoulos et al., 2021
Yamada et al., 2021
Massella et al., 2017
Dai et al., 2016
Gholami et al., 2016
Gustavsson et al., 2014
Dinc et al., 2013
Olénski et al., 2012
Heck et al., 2009

Dengchuan China 0.318 0.682  30 Unpublished data
Kermanshah Iran 0.382 0.618 131 Rahimi et al., 2015
Karan‑Fries India 0.175 0.825 100 Jaiswal, 2012
Ladakhi India 0.100 0.90 85 Sodhi et al., 2018
Frieswal crossbred India 0.432 0.568 429 Kumar et al., 2019
Butana Sudan 0.170 0.610 50 Ahmed et al., 2016
Vrachykeratiki Greece 0.304 0.587 46 Antonopoulos et al., 2021
Katerinis Greece 0 0.100 20 Antonopoulos et al., 2021
Sykias Greece 0 0.100 20 Antonopoulos et al., 2021
Lagune Germany 0.800 0.200 20 Vanvanhossou et al., 2021
Somba Germany 0.630 0.370 20 Vanvanhossou et al., 2021
Other variants of the CSN2 gene are not included in the table.
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containing homozygous β-CN A2A2 genotype were higher 
than those in milk containing A1A1 genotype. In the 
same report, β-CN A2 milk variant was observed to have 
the highest content of  lactose, methionine, and proline, 
while β-CN A1 milk variant containing homozygote 
A1A1 genotype or heterozygote A1A2 genotype had the 
highest aggregate of  cyclic adenosine monophosphate 
(cAMP), citric acid, glycine, and choline. Previous studies 
have also reported that β-CN A2 milk variant has received 
great interest in terms of  human health concerns due to 
its potential to stimulate better digestion efficiency and 
promote antibacterial activity (Caroli et al., 2009; Deth 
et al., 2015; Vanvanhossou et al., 2021).

In silico physicochemical properties of β-CN protein 
variants A1 and A2
Various physicochemical properties, including monoisotopic 
mass, molecular weight, theoretical pI, amino acid 
composition, and other parameters of  β-CN A1 with 
chemical formula C1081H1693N271O309S6 and β-CN A2 
with chemical formula C1080H1693N269O309S6 were in silico 
analyzed based on their molecular protein characteristics. 
Monoisotopic mass, molecular weight, theoretical pI, net 
charge at pH 7, total number of  atoms, computed instability 
index, and GRAVY of  β-CN A1 were demonstrated to be 
higher values than β-CN A2, which were 23,607.24 Da, 
23,622.32 Da, 5.36, –6.4, 3,360, 98.39, –0.362 for β-CN A1, 
and 23,567.23 Da, 23,582.30 Da, 5.24, –6.5, 3,357, 96.53, 
–0.355 for β-CN A2, respectively (Table 4). The results 
were in accordance with Darewicz et al. (2007) earlier 
reported that the pI value of  β-CN A1 (4.90) was higher 
than β-CN A2 (4.76), which causes β-CN A2 to have less 
exposed hydrophobicity at pH 6.5–6.7, be more soluble 
than β-CN A1, and the maximum surface load associated 
with its emulsion formation stability is also lower compared 
to β-CN A1 (Jensen et al., 2012; Raynes et al., 2015). The pI 
is described as the pH value at which the protein carries no 
net charge or the sum of  positively and negatively charged 
is equivalent (Saraswathy and Ramalingam, 2011).

According to present analyses using ProtParam and 
PepCalc tools, the pI value was observed to be less than 7 
and pH was greater than pI for both β-CN protein variants, 
which indicated an excessive amount of  OH− in solution, 
captivated the positively charged amine group, causing an 
H+ removal. The ProtParam tool was also used to evaluate 
amino acid composition, which showed that the percentage 
of  amino acids comprised β-CN A1 and A2 was dissimilar, 
particularly in histidine (2.9% in β-CN A1 and 2.4% in β-CN 
A2) and proline (16.3% in β-CN A1 and 16.7% in β-CN 
A2) (Fig. 4). In the case of  charged amino acid residues, 
the number of  positively charged residues in both variants 
was slightly greater in comparison with negatively charged 
residues. Kaur et al. (2020) reported that the number of  

positively and negatively charged amino acid residues and 
pI would influence solubility, interactions, and subcellular 
localization of  proteins. The amino acid contents of  the 
secondary structure elements were influenced by flanking 
regions in the primary sequence (Khrustalev et al. 2014; 
2018). Subsequently, the SWISS-MODEL tool was used 
to generate predicted 3D homology-modelling of  the 
protein secondary structures of  β-CN A1 and A2, while 

Table 4: In silico physicochemical properties of β‑CN protein 
variants A1 and A2.
Physicochemical 
parameter

β‑CN variant
A1 A2

Monoisotopic 
mass (Da)

23,607.24 23,567.23

Molecular weight 
(Da)

23,622.32 23,582.30

Theoretical 
isoelectric point

5.36 5.24

Amino acids composition
Ala (A) 5 (2.4%) 5 (2.4%)
Arg (R) 4 (1.9%) 4 (1.9%)
Asn (N) 5 (2.4%) 5 (2.4%)
Asp (D) 4 (1.9%) 4 (1.9%)
Cys (C) 0 (0.0%) 0 (0.0%)
Gln (Q) 21 (10.0%) 21 (10.0%)
Glu (E) 18 (8.6%) 18 (8.6%)
Gly (G) 5 (2.4%) 5 (2.4%)
His (H) 6 (2.9%) 5 (2.4%)
Ile (I) 10 (4.8%) 10 (4.8%)
Leu (L) 22 (10.5%) 22 (10.5%)
Lys (K) 11 (5.3%) 11 (5.3%)
Met (M) 6 (2.9%) 6 (2.9%)
Phe (F) 9 (4.3%) 9 (4.3%)
Pro (P) 34 (16.3%) 35 (16.7%)
Ser (S) 16 (7.7%) 16 (7.7%)
Thr (T) 9 (4.3%) 9 (4.3%)
Trp (W) 1 (0.5%) 1 (0.5%)
Tyr (Y) 4 (1.9%) 4 (1.9%)
Val (V) 19 (9.1%) 19 (9.1%)
Pyl (O) 0 (0.0%) 0 (0.0%)
Sec (U) 0 (0.0%) 0 (0.0%)

Extinction 
coefficient

10,810 M-1cm-1 10,810 M-1cm-1

Net charge at pH 7 –6.4 –6.5
Estimated 
solubility

Poor water 
solubility

Poor water 
solubility

Total number of 
atoms

3,360 3,357

Computed 
instability index

98.39 96.53

Aliphatic index 88.47 88.47
Grand average of 
hydropathicity

–0.362 –0.355

Formula C1081H1693N271O309S6 C1080H1693N269O309S6

Allergenicity 
probability

A probable 
allergen with the 
highest Tanimoto 

similarity index 
0.93

A probable 
non-allergen 

with the highest 
Tanimoto similarity 

index 0.82
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their conformational parameters, including the occurrence 
percentage of  alpha helix (hh), extended strand (ee), beta 
turn (tt), and random coil (cc), were calculated using 
the SOPMA server tool (Fig. S2) (Combet et al., 2000; 
Studer et al., 2020; Waterhouse et al., 2018). The results 
demonstrated that random coil (60.77%) dominated 
among secondary structure parameters, followed by alpha 
helix (32.54%), extended strand (5.26%), and beta turn 
(1.44%), while 310 helix, Pi helix, beta bridge, bend region, 
and ambiguous states were not detected herein. Homology 
modeling is the appropriate approach for revealing 3D 
protein coordinates with the integration of  a web-based 
SWISS-MODEL modeling system.

Further, the computed instability index suggests the 
stability of  proteins in both in vivo and in vitro conditions, 
where proteins whose instability index value is lower than 
40 are referred to as stable and those with an instability 
index value of  more than 40 are considered unstable 
(Gamage et al., 2019; Lugani and Sooch, 2017; Sahay et al., 
2020). In this study, the instability index values for both 
β-CN variants were observed more than 40, which the 
instability index value of  β-CN A1 (98.39) was higher than 
that of  β-CN A2 (96.53), indicating those variants were 
unstable under a wide range of  temperature changes and 
conditions. Other than the instability index, the aliphatic 
index is also another parameter used to determine the 
functional structural stability of  proteins and a key factor 
for the increase in globular protein thermostability. Both 
β-CN variants observed in this analysis were estimated 
to have poor water solubility with the same extinction 

coefficient and aliphatic index, which were 10,810 M-1cm-1 
and 88.47, respectively (Table 4). The aliphatic index may be 
described as the relative volume occupied by the aliphatic 
side chains of  amino acids in their structure, including A 
(alanine), I (isoleucine), L (leucine), and V (valine), where 
valine and alanine are recognized as the aliphatic amino 
acids (Behbahani et al., 2020; Bhattacharjee et al., 2018; 
Elekofehinti et al., 2019). Ikai (1980) first proposed the 
aliphatic index and then evaluated the correlation between 
the aliphatic index and protein thermostability based on 
the average percentage of  aliphatic amino acids.

Aside from predicting protein molecular weight, 
composition, allergenicity probability, and stability, the 
hydrophobicity or hydrophilicity degree of  β-CN A1 and 
A2 was also calculated through the GRAVY approach using 
the PepCalc tool. The calculation of  GRAVY index is an 
effective method to measure the interaction properties 
between an amino acid’s side chain and water. The GRAVY 
index, first proposed by Kyte and Doolittle (1982), is 
measured by dividing the total hydropathy values of  all 
amino acids that appear in the observed protein with the 
total number of  protein residues. Its score ranges between 
–2 to +2, where a negative score indicates the degree of  
hydrophilicity with good solubility in nature and a positive 
score means the degree of  hydrophobicity, vice-versa (Di 
Rienzo et al., 2021). The calculation results predicted that 
β-CN A1 (–0.362) had a higher GRAVY index as compared 
with β-CN A2 (–0.355), suggesting that those protein 
variants were more hydrophilic in nature, globular, and 
difficult to identify on 2-D gels (Table 4).

According to the allergenicity probability results predicted 
using the AllergenFP v.1.0 tool, β-CN A1 showed potential 
as a probable allergenic, as it exhibited a high Tanimoto 
structural similarity index of  0.93 and a probable non-
allergenic with the highest Tanimoto similarity index of  
0.82 for β-CN A2. AllergenFP is an online free-access 
alignment workspace for predicting the allergenicity 
probability of  proteins by converting amino acid main 
properties, including size, abundance, hydrophobicity, and 
the behavior of  hydrogen bonding, into fingerprints that 
are occupied to estimate allergenicity probability through 
Tanimoto structural similarity matches with the allergenicity 
profile of  previously observed proteins reported in the 
literature (Ji et al., 2019). Remarkably, based on research 
over the last 25 years, β-CN A1 protein in cattle’s milk is 
reported to be harder to digest for some people compared 
to β-CN A2, which has been hypothesized that β-CN A1 
is the main reason for milk protein allergies or intolerances 
(Park and Haenlein, 2021; Rashidinejad et al., 2017).

Digestion of  β-CN A1 milk that releases BCM-7 peptide 
stimulates µ-opioid receptors, which can trigger allergic 

Fig 4. Heat map representation in Z-score demonstrating the 
comparison of amino acid composition of β-CN A2 compared with 
β-CN A1.
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reactions or intolerance symptoms in the human body 
and cause potential food safety concerns, particularly in 
children (Jianqin et al., 2015; Mayer et al., 2021; Pal et al., 
2015; Rangel et al., 2016; Suchy et al., 2010; Ul Haq et al., 
2014a; Ul Haq et al., 2014b; Ul Haq, 2020; Woodford, 
2009). Yadav et al. (2020) demonstrated the correlation 
between cattle’s milk β-CN A1 and A2 feeding in mice 
and allergic airway disease symptoms. Mice fed with milk 
containing the A1A1 genotype showed elevated airway 
hyperresponsiveness with a concentration growth of  
bronchoconstrictor, which was absent in mice fed with milk 
containing the A2A2 genotype. The increase of  interleukin 
4 and 5 levels and the development of  IgE and IgG levels, 
leading to peribronchial inflammation, were also observed 
in mice fed milk containing the A1A1 genotype, while 
an intermediate phenotype was present in mice fed milk 
containing the A2A2 genotype. These studies, together with 
the in-silico analysis results about allergenicity prediction 
presented in this present study, support the increasing 
public concerns about potential allergenicity caused by the 
consumption of  cattle’s milk containing β-CN A1 and its 
by-products. Further food safety studies on the potential 
milk allergenicity of  β-CN A1 and A2 using animal trials 
are needed to establish the reproducibility of  our findings 
reported herein.

β-CN A2 protein isoform concentration analysis in milk
The ability to measure β-CN protein, especially for A2 
isoform concentration, is critical to the dairy industry. Apart 
from reducing the negative effects of  non-β-CN A2 milk 
consumption on human gastrointestinal function, using 
β-CN A2 milk as a raw material in the production of  
dairy by-products would increase both product quality and 
technological properties. In an attempt to in-vitro quantify 
β-CN A2 protein isoform concentration in order to obtain 
insights into its bioactive potential, the sandwich ELISA 

assay at optical density OD450 wavelength was effectively 
performed in this study and did not cross-react with β-CN 
A1 protein. The detection using the sandwich ELISA assay 
allows a more direct reference of  the presence of  protein 
residues (Koppelman et al., 2021). In this assay, β-CN A2 
protein isoform can be determined by the colorimetric 
reaction after the antigen binding with the particular 
enzyme-labeled antibody. The sandwich ELISA assay starts 
with a capture specific antibody that has been thoroughly 
coated onto the wells of  a 96-well plate. The β-CN A2 from 
fresh cattle’s milk as an antigen of  interest was then added 
to the wells to bind the antibody. The primary detection 
antibody was added to the wells, followed by the secondary 
enzyme-conjugated antibody for signal amplification. 
After incubation was completed, the substrate developed 
a color change and was interpreted using a microplate 
reader (Alhajj and Farhana, 2022; Engvall, 2010; Kohl and 
Ascoli, 2017; Shah and Maghsoudlou, 2016). Thus, ELISA 
is specifically suitable for the quantification of  β-CN A2 
protein isoform independent of  β-CN A1. The β-CN A2 
standard curve at OD450, which refers to typical optical 
densities in eight diluted levels of  β-CN A2 concentration 
standard (Table S2), and the average concentration of  
β-CN A2 protein isoform are presented in Fig. 5.

The results indicated that the average concentration of  
β-CN A2 protein isoform in Angus cattle’s milk was higher 
than that of  Simmental, which was 17.8 ng/ml and 16.7 ng/
ml, respectively. The optical density values of  the samples 
detected from a sandwich ELISA assay are related to the 
positive interaction between β-CN A2 protein isoform 
and the ELISA’s enzyme-labeled antibodies, as well as 
the relative comparison of  this interaction to the protein 
concentration in the standard curve. Other studies have 
found that the sandwich ELISA assay is the most reliable 
test for IgE-mediated allergenic substances in food, such as 

Fig 5. Standard curve of β-CN A2 at OD450 (a) and comparison of the average concentration of β-CN A2 protein isoform in Simmental and Angus 
cow’s milk samples (b).

a b
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casein, albumin, globulin, gliadin, gluten, and clam proteins, 
with high precision, sensitivity, and relative ease of  use 
(Bernard et al., 2021; Bosman et al., 2021; Koppelman et al., 
2021; Madrid et al., 2021). Herein, the higher concentration 
of  β-CN A2 protein isoform in Angus is likely linked with 
the larger plasma concentration of  proline residue present 
in milk.

Changes in cattle’s milk protein content have been 
associated with variations in nutrition, feeding system 
management, breeds, and β-CN variants (Fu et al., 2021; 
Franzoi et al., 2019; Amalfitano et al., 2019). An additional 
proline residue present in the β-CN A2 protein has been 
observed to support the increase in propensity for poly-L-
proline helix type 2 (PPII) secondary structure formation, 
which is important in cellular signaling, transforming 
protein structural dynamics and self-assembly behavior, 
and might contribute to its isoform concentration (Brown 
and Zondlo, 2012; Raynes et al., 2015). Interestingly, Lv 
et al. (2020) found that there were relatively abundant 
metabolites in β-CN A2 variant in cattle’s milk, the 
majority including proline, methionine, α-lactose, and 
acetoacetic acid, detected using nuclear magnetic resonance 
spectroscopy (NMR) and liquid-chromatography mass 
spectrometry (LC-MS)-based metabolomics approaches.

CONCLUSIONS

The DNA-based genotyping using the PCR-RFLP 
technique coupled with the sequencing method used in 
this study demonstrated rapid and promising performance 
in evaluating nucleotide transversion of  specific-allele 
polymorphism in the CSN2 gene at SNP site of  g.8101C>A, 
particularly for genotyping β-CN A1 and A2 alleles. The 
most frequent β-CN allele among the Simmental and 
Angus cattle breeds was A2, with over 64% prevalence. In 
Simmental, the A1A2 genotype was the most dominant, 
while the A2A2 genotype was mostly found in Angus. 
According to in silico physicochemical properties prediction, 
monoisotopic mass, molecular weight, theoretical pI, net 
charge at pH 7, total number of  atoms, instability index, and 
GRAVY of  β-CN A2 showed lower values in comparison 
with A1. Moreover, the sandwich ELISA method for 
quantifying β-CN A2 protein isoform concentration was 
effective, specific, sensitive, and had the potential to provide 
the dairy industry with a useful assay to double-check 
the robustness of  DNA-based genotyping through the 
evaluation of  fresh cattle’s milk. These findings are useful 
in monitoring favorable allele frequency and controlling 
the presence of  undesired non-A2A2 genotypes in order 
to produce a high-quality β-CN A2 milk variant. However, 
the effects of  β-CN A2 milk variant on human health 
are still unclear and require further investigation through 

food safety studies, quantitative label-free proteomics, and 
metabolomics approaches.
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