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Graphical Abstract

Summary
Information on milk production and composition was obtained from 1,786 lactating cows in a Brazilian 
commercial herd, for which data provided by the dairy farm in Brazil were adopted as selection criteria, such 
as genotypes for the β-casein gene extracted from the Clarifide Zoetis software, days in milk, and number of 
lactations. Thus, 18 cows were selected, analyzing the association between the genotype for the β-casein CSN2 
gene and milk production and composition characteristics and energy, enzymatic, and nitrogen metabolites 
of blood, milk, and urine. No association between β-casein gene polymorphism and any of the variables under 
study was observed.

Highlights
• Information on cows from a dairy farm in Brazil was selected for the β-casein gene.
• No association was observed between β-casein gene polymorphism and milk production and

composition.
• Polymorphism of A1 and A2 alleles does not alter milk composition and metabolites.
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Abstract: The aim of this study was to analyze the association between the β-CN CSN2 gene polymorphism, energy, enzymatic, and 
nitrogenous metabolites, and production, composition (fat, protein, lactose, total solids, nonfat solids), and SCC in the milk of Holstein 
cows submitted to the same nutritional and environmental conditions. Eighteen cows (6 A1A1 genotype, 6 A1A2 genotype, and 6 A2A2 
genotype) were selected and matched for parity, calving season, and days in lactation. For the statistical analysis, a fixed linear model 
was applied in which genotypes were considered as a fixed effect and the dependent variables included metabolites, milk production, 
milk composition, and SCC. We found no statistically significant differences associating the genotype for the β-CN CSN2 gene with milk 
production and composition characteristics or with energy, enzymatic, and nitrogen metabolites of blood and milk, except for variable 
glucose concentration (mg/dL), in which only the A2A2 genotype presented the highest means (67.78a) in relation to the other genotypes 
A1A1 (58.28b) and A1A2 (55.69b), where the letter a corresponds to the value of the highest mean and the letter b corresponds to the 
value of the lowest mean. Under the conditions in which the experiment was developed, the highest averages were numerically observed 
for variables milk production (kg/d), milk composition and yield (%), and urea nitrogen concentration (%) in the blood, milk, and urine 
of cows carrying the heterozygous genotype (A1A2) compared with both homozygous genotypes (A1A1 and A2A2), and we found that 
polymorphism of A1 and A2 alleles does not alter milk composition or blood and urinary metabolites.

Milk is one of the most ubiquitous and valuable agricultural 
commodities worldwide, with annual production of ~930 

million t in 2022, valued at $470 billion (FAO, 2024). Dairy trade 
flows can be substantially affected by changes in the trade policy 
environment (OECD-FAO, 2021), especially due to environmental 
concerns related to livestock-based food production, which gener-
ates nitrous oxide (N2O) and ammonia (NH3) emissions.

Nitrous oxide emissions result from the excretion of nitrogen 
in urine and feces during the nitrification and denitrification pro-
cesses. Most nitrogen-rich compounds are excreted in urine and 
come from the complex nitrogen metabolism of ruminants, where 
CP is degraded by microorganisms into peptides, AA, and NH3 
(Pečnik and Jevšinek Skok, 2024). Kohn et al. (2002) reported sig-
nificant correlation between the CP level in the diet and the amount 
of nitrogen released into the environment. Thus, it is estimated that 
75% to 85% of the excess protein consumed by a dairy cow is 
excreted in urine, feces, and milk (Kohn et al., 2002; Spek et al., 
2013).

The MUN concentration is influenced by various factors, both 
nutritional and nonnutritional. Nutritional factors, particularly the 
quantity and composition of dietary proteins, play a significant 
role in the variation of MUN concentration (Barros et al., 2017; 
Wattiaux et al., 2019). Additionally, nonnutritional factors such as 
phenotypic and genotypic diversity including breed, parity, lacta-
tion days, milk production, milk quality, and milk components, 
also contribute to this variation (Arunvipas et al., 2003; Aguilar et 

al., 2012; Mangwe et al., 2025). Numerous studies have explored 
the differences in milk metabolites across various dairy species, 
feeding strategies, lactation stages, and other influencing factors 
(Caboni et al., 2019; Tomassini et al., 2019; Billa et al., 2020). 
However, there is a lack of information on changes in milk metabo-
lites induced by bovine β-CN variants.

Beta-CN is composed of 209 AA and is controlled by a single 
gene located on chromosome 6, known as CSN2 (Caroli et al., 
2009). Within the CSN2 gene, there are 13 genetic variants, with 
A1 and A2 being the most common, and A3, A4, B, C, D, E, F, 
H1, H2, I, and G being less common (Rahimi et al., 2015). The 
polymorphism of CSN2 A1 and A2 alleles is genetically related to 
milk production results by a mutation occuring through natural se-
lection that causes differences in AA residues. This variation arises 
from an SNP at codon 67 of exon 7 of the β-CN. In the A2 vari-
ant, the sequence CCT (cytosine-cytosine-thymine) encodes the 
AA proline, whereas in the A1 variant, the sequence is altered to 
CAT (cytosine-adenine-thymine), which encodes the AA histidine 
(Jaiswal and Sarsavan, 2014; Kay et al., 2021). This structural dif-
ference has been the focus of research (Brooke-Taylor et al., 2017; 
Asledottir et al., 2018; Nguyen et al., 2018), as this difference may 
influence the physicochemical and microstructural properties of 
milk (Elliott et al., 1999; McLachlan, 2001; Nguyen et al., 2018).

The objective of this study was to investigate the association 
between the β-CN gene polymorphism and various metabolites 
(energetic, enzymatic, and nitrogenous), as well as milk produc-
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tion and composition (including fat, protein, lactose, total solids, 
and nonfat solids) and SCC in Holstein cows that were kept under 
uniform nutritional and environmental conditions.

All experimental procedures applied in this study followed the 
ethical principles of animal experimentation, as well as the stan-
dards issued by the National Council for the Control of Animal 
Experimentation, which was approved by the Ethics Committee 
for the Use of Animals of the University of São Paulo Faculty of 
Animal Science and Food Engineering and registered under CEUA 
no. 9431111019.

Data were collected on the milk production and composition of 
1,786 lactating cows, and the following data provided by the dairy 
farm in Brazil were adopted as selection criteria: genotypes for the 
β-CN gene extracted from the Zoetis Clarifide Plus software, days 
in lactation, and number of lactations. Thus, 6 cows were selected 
of each genotype (A1A1, A1A2, and A2A2), totaling 18 cows with 
~206 d of lactation, BW of 400 ± 50 kg, average BCS of 3.25 ± 
0.25, and average milk production of 37.0 kg of milk/cow per day 
submitted to the same nutritional and environmental conditions.

Blood collection was performed according to the methodology 
described by Cooke et al. (2007); milk collection according to 
Vidal and Saran Netto (2018); and urine collection according to 
Ortolani (2003). To determine energy metabolites, the blood glu-
cose concentration (mg/dL) was analyzed. For enzymatic metabo-
lites, the concentrations of enzymes gamma-glutamyl transferase 
(GGT; U/L) and aspartate aminotransferase (AST; U/L) were 
analyzed. For nitrogen metabolites, concentrations of blood urea 
(BU; mg/dL), BUN (mg/dL), milk urea (MU; mg/dL), MUN (mg/
dL), urinary nitrogen (UN; mg/dL), and urine urea nitrogen (UUN; 
mg/dL) were analyzed. Serum levels of energy, enzyme, and ni-
trogen metabolites were determined using the Mindray BS-120 
chemistry analyzer (Mindray Bio-Medical Electronics Co. Ltd., 
China), with commercial kits from Labtest Diagnostic S.A. (Lagoa 
Santa, Minas Gerais, Brazil). Milk composition data (fat, protein, 
lactose, total solids, nonfat solids) and SCC values (cells/mL) were 
extracted from the report of results of analyses monthly performed 
on the property by the Milk Clinic (Piracicaba, São Paulo, Brazil) 
using the infrared device (composition) and flow cytometry (SCC).

To evaluate the association between β-CN gene polymorphism 
and milk production characteristics, the normality of residues was 
verified by the Shapiro–Wilk test, and the homogeneity between 
variances by the Levene test, adopting 5% significance level. For 
the mean test, the Tukey test was used, adopting 5% significance 
level. Data were analyzed by GLM procedure of SAS version 9.4 
(SAS, 2016), adopting 5% significance level.

The association of the genotypes for the β-CN CSN2 gene with 
milk production and composition characteristics is detailed in 
Table 1, and energy, enzymatic, and nitrogen metabolites in blood, 
milk, and urine are shown in Table 2.

For the blood glucose concentration (mg/dL) energy metabo-
lite, a significant difference was observed (5% significance level) 
among the 3 genotypes, in which cows carrying the A2A2 geno-
type presented the highest averages (67.78a), followed by A1A1 
(58.28b) and A1A2 (55.69b), where the letter a corresponds to the 
value of the highest mean and the letter b corresponds to the value 
of the lowest mean.

Although this variation is significant, it remains within the 
reference range for this species. On the other hand, no significant 
difference (P = 0.7025) was observed in milk production, with 

values of 38.07 kg/d for A1A1, 38.90 kg/d for A1A2, and 34.19 
kg/d for A2A2. However, it is possible that the significant reduc-
tion in blood glucose concentration is related to the genotypes that 
numerically showed higher milk production.

Kaneko (2008) reported that the desirable blood glucose levels 
are between 45 and 75 mg/dL, thus demonstrating that despite this 
variation in this blood energy metabolite, the blood parameter is 
within the reference range, suggesting maintenance of homeostatic 
mechanisms in all genotypes.

Given the diversity of genotypes, we were interested in inves-
tigating possible differences in hepatic metabolism, which led 
to the analysis of the concentrations of GGT and AST enzymes. 
Additionally, other metabolites, such as BU, BUN, MU, MUN, 
UU, and UUN, are closely related to nitrogen metabolism. These 
metabolites can be influenced by nutritional and nonnutritional 
factors, including genotype, which is the main focus of this re-
search (James et al., 1999; Cassel et al., 2005; Spek et al., 2013). 
However, under the experimental conditions of this study, when 
analyzing these parameters, no statistically significant differences 
were found between genotypes.

For the other enzymatic and nitrogen metabolites, no statisti-
cally significant differences were observed among the 3 genotypes 
at a 5% significance level. With the exception of GGT (mg/dL) 
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Table 1. Association of the 3 different genotypes for the β-CN CSN2 gene 
with the production and composition characteristics

Variable1 A1A1 A1A2 A2A2 SEM P-value

MP (kg/d) 38.07 38.90 34.19 4.18 0.7025
Fat (%) 3.64 3.81 3.37 0.36 0.7019
Protein (%) 3.05 3.03 3.01 0.10 0.9642
Lactose (%) 4.60 4.75 4.79 0.08 0.2309
TS (%) 12.23 12.52 12.08 0.42 0.7589
NFS (%) 8.60 8.71 8.70 0.11 0.7242
Log10 SCC 1.65 1.58 1.65 0.16 0.9333
Fat yield (kg) 1.34 1.43 1.16 0.16 0.5037
Protein yield (kg) 1.13 1.18 1.03 0.12 0.6927
Lactose yield (kg) 1.75 1.84 1.64 0.19 0.7498

1MP = milk production; NFS = nonfat solids content.

Table 2. Association of the 3 different genotypes for the β-CN CSN2 gene 
with concentrations of energy, enzymatic, and nitrogen metabolites in 
blood, milk, and urine

Variable1 A1A1 A1A2 A2A2 SEM P-value

Blood
  Glucose2 (mg/dL) 58.28b 55.69b 67.78a 1.62 0.0002
  GGT (U/L) 44.21 39.73 45.28 3.62 0.5289
  AST (U/L) 52.33 54.61 57.66 2.76 0.4135
  BU (mg/dL) 36.54 40.09 34.94 2.61 0.3849
  BUN (mg/dL) 17.08 18.73 16.33 1.22 0.3851
Milk
  MU (mg/dL) 34.91 43.90 37.20 3.15 0.1452
  MUN (mg/dL) 16.31 20.51 17.39 1.47 0.1453
Urine
  UN (mg/dL) 915.13 1,039.27 1,065.34 127.92 0.6813
  UUN (mg/dL) 427.43 485.64 497.83 59.82 0.6802

1GGT = gamma-glutamyl transferase; AST = aspartate aminotransferase; BU = 
blood urea; MU = milk urea; UN = urine nitrogen; UUN = urine urea nitrogen.
2Mean test in which the letter a corresponds to the value of the highest mean 
and the letter b corresponds to the value of the lowest mean.
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and BUN (mg/dL) concentrations, all other metabolites observed 
are within the expected reference range, suggesting adequate 
metabolic activity. According to Kaneko (2008), in bovines, the 
desirable blood GGT levels are between 6.1 U/L and 17.4 U/L, 
and that of BUN is 15 mg/dL. González et al. (2006) explain that 
the increase in GGT concentration in dairy cows may be indica-
tive of liver problems, such as hepatic lipidosis, Fasciola hepatica, 
and induction of increased glucocorticoid production. The high 
BUN concentration may be due to the high CP content of the diet 
because ~70% of the protein is transformed into ammonia in the 
rumen and part is absorbed into the general circulation and through 
the bloodstream, reaching the liver and serving as material for urea 
formation, with urea levels having a direct relationship with the 
protein level in the diet (Wittwer, 2000).

For milk composition and SCC, no statistically significant dif-
ferences were observed among the 3 genotypes at a 5% significance 
level. According to normative instruction No. 76 of the 2018 Bra-
zilian legislation to ensure food safety and guarantee the quality of 
milk (Brasil, 2018), all composition (g/100g) and SCC (log cells/
mL) milk parameters are within the recommended reference range, 
thus meeting the requirements of current Brazilian legislation.

Similar studies were carried out by Miluchová et al. (2023), 
who analyzed the effect of the CSN2 gene genotypes on test-day 
milk yields in Slovak Holstein cows; Albarella et al. (2020), who 
analyzed the influence of the CN compound genotype on milk 
quality and properties; and Ivanković et al. (2021), who analyzed 
the genetic polymorphism and effect on milk production of the 
CSN2 gene, with cows carrying the A2A2 genotype presenting 
0.39%, 0.30%, and 0.76% more fat content and 0.31%, 0.48%, 
and 0.37% more protein content, respectively; and cows carrying 
the A1A1 genotype presenting 0.14%, 0.02%, and 0.57% more 
fat content and 0.22%, 0.16%, and 0.40% more protein content, 
respectively. In these studies, cows carrying the A1A2 genotype 
presented indifferent results, thus reinforcing that although previ-
ous studies found constituent levels higher than those observed in 
the present study, it was observed that the genotypes did not alter 
the physicochemical milk composition, and the quantitative differ-
ence observed between values ​​for the different genotypes may be 
due to environmental conditions and external factors, as Ivanković 
et al. (2021) reported that the polymorphism of A1 and A2 alleles 
does not modify the milk composition.

Marino et al. (2024) analyzed the effect of CSN2 gene A1 and 
A2 alleles on yield, composition traits, and SCC of milk from 
cows of contrasting genotypes in Brazil and observed that cows 
carrying the A2A2 genotype presented 0.13% and 0.07% more 
fat and protein content, respectively, and cows carrying the A1A1 
genotype presented 0.09% less fat content and 0.01% more protein 
content. It should be highlighted that even when analyzing a large 
sample size, the quantitative differences observed in the different 
genotypes for the β-CN gene are not responsible for changes in the 
quality of milk from Holstein cows in tropical environments.

In summary, no statistically significant differences were found 
associating the genotype for the β-CN CSN2 gene with the milk 
production and composition characteristics, nor with the energy, 
enzymatic, and nitrogen metabolites of blood and milk, except 
for variable glucose concentration (mg/dL), in which only the 
A2A2 genotype presented the highest averages. However, under 
the conditions in which the experiment was developed, a possible 

superiority of the heterozygous genotype (A1A2) in relation to 
both homozygous genotypes (A1A1 and A2A2) was numerically 
observed for variables milk production (kg/d), milk composition 
and yield (%), and UN concentration (%) in blood, milk, and urine, 
and we observed that the polymorphism of A1 and A2 alleles does 
not alter the milk composition or blood and urinary metabolites.

References
Aguilar, M., D. Hanigan, H. A. Tucker, B. L. Jones, S. K. Garbade, M. L. Mc-

Gilliard, C. C. Stallings, K. F. Knowlton, and R. E. James. 2012. Cow and 
herd variation in milk urea nitrogen concentrations in lactating dairy cattle. 
J. Dairy Sci. 95:7261–7268. https:​/​/​doi​.org/​10​.3168/​jds​.2012​-5582.

Albarella, S., M. Selvaggi, E. D’anza, G. Cosenza, S. Caira, A. Scaloni, A. 
Fontana, V. Peretti, and F. Ciotola. 2020. Influence of the casein composite 
genotype on milk quality and coagulation properties in the endangered 
Agerolese cattle breed. Animals (Basel) 10:892. https:​/​/​doi​.org/​10​.3390/​
ani10050892.

Arunvipas, P., I. R. Dohoo, J. A. VanLeeuwen, and G. P. Keefe. 2003. The effect 
of non-nutritional factors on milk urea nitrogen levels in dairy cows in 
Prince Edward Island, Canada. Prev. Vet. Med. 59:83–93. https:​/​/​doi​.org/​
10​.1016/​S0167​-5877(03)00061​-8.

Asledottir, T., T. T. Le, N. A. Poulsen, T. G. Devold, L. B. Larsen, and G. E. 
Vegarud. 2018. Release of β-casomorphin-7 from bovine milk of differ-
ent β-casein variants after exvivo gastrointestinal digestion. Int. Dairy J. 
81:8–11. https:​/​/​doi​.org/​10​.1016/​j​.idairyj​.2017​.12​.014.

Barros, T., M. A. Quaassdorff, M. J. Aguerre, J. J. O. Colmenero, S. J. Bertics, 
P. M. Crump, and M. A. Wattiaux. 2017. Effects of dietary crude protein 
concentration on late-lactation dairy cow performance and indicators of 
nitrogen utilization. J. Dairy Sci. 100:5434–5448. https:​/​/​doi​.org/​10​.3168/​
jds​.2016​-11917.

Billa, P. A., Y. Faulconnier, T. Larsen, C. Leroux, and J. A. A. Pires. 2020. Milk 
metabolites as noninvasive indicators of nutritional status of mid-lactation 
Holstein and Montbéliarde cows. J. Dairy Sci. 103:3133–3146. https:​/​/​doi​
.org/​10​.3168/​jds​.2019​-17466.

Brasil. 2018. Instrução Normativa n. 76, Diário Oficial da União, de 26 de 
novembro de 2018. Ministério da Agricultura, Pecuária e Abastecimento. 
Accessed Feb. 7, 2023. https:​/​/​www​.in​.gov​.br/​materia/​-/​asset​_publisher/​
Kujrw0TZC2Mb/​content/​id/​52750137/​do1​-2018​-11​-30​-instrucao​
-normativa​-n​-76​-de​-26​-de​-novembro​-de​-2018​-52749894IN​%2076.

Brooke-Taylor, S., K. Dwyer, K. Woodford, and N. Kost. 2017. Systematic 
review of the gastrointestinal effects of A1 compared with A2 β-Casein. 
Adv. Nutr. 8:739–748. https:​/​/​doi​.org/​10​.3945/​an​.116​.013953.

Caboni, P., A. Murgia, A. Porcu, C. Manis, I. Ibba, M. Contu, and P. Scano. 
2019. A metabolomics comparison between sheep’s and goat’s milk. Food 
Res. Int. 119:869–875. https:​/​/​doi​.org/​10​.1016/​j​.foodres​.2018​.10​.071.

Caroli, A. M., S. Chessa, and G. J. Erhardt. 2009. Invited review: Milk protein 
polymorphisms in cattle: Effect on animal breeding and human nutrition. J. 
Dairy Sci. 92:5335–5352. https:​/​/​doi​.org/​10​.3168/​jds​.2009​-2461.

Cassel, T., L. Ashbaugh, R. Flocchini, and D. Meyer. 2005. Ammonia emis-
sion for open-lot dairies: Direct measurements and estimation by nitrogen 
intake. J. Air Waste Manag. Assoc. 55:826–833. https:​/​/​doi​.org/​10​.1080/​
10473289​.2005​.10464660.

Cooke, R. F., N. S. Del Río, D. Z. Caraviello, S. J. Bertics, M. H. Ramos, and 
R. R. Grummer. 2007. Supplemental choline for prevention and alleviation 
of fatty liver in dairy cattle. J. Dairy Sci. 90:2413–2418. https:​/​/​doi​.org/​10​
.3168/​jds​.2006​-028.

Elliott, R. B., D. P. Harris, J. P. Hill, N. J. Bibby, and H. E. Wasmuth. 1999. 
Type I (insulin-dependent) diabetes mellitus and cow milk: Casein vari-
ant consumption. Diabetologia 42:292–296. https:​/​/​doi​.org/​10​.1007/​
s001250051153.

FAO (Food and Agriculture Organization of the United Nations). 2024. FAO-
STAT. Accessed May 14, 2024. https:​/​/​www​.fao​.org/​faostat/​en/​#data.

González, J., J. Faría-Mármol, C. A. Rodríguez, M. Ouarti, M. R. Alvir, and 
C. Centeno. 2006. Protein value for ruminants of a sample of whole cot-
tonseed. Anim. Sci. 82:75–81. https:​/​/​doi​.org/​10​.1079/​ASC20059.

Ivanković, A., M. Pećina, J. Ramljak, and V. Pašić. 2021. Genetic polymor-
phism and effect on milk production of CSN2 gene in conventional and lo-
cal cattle breeds in Croatia. Mljekarstvo 71:3–12. https:​/​/​doi​.org/​10​.15567/​
mljekarstvo​.2021​.0101.

550da Fonseca et al. | β-CN gene and milk production characteristics

https://doi.org/10.3168/jds.2012-5582
https://doi.org/10.3390/ani10050892
https://doi.org/10.3390/ani10050892
https://doi.org/10.1016/S0167-5877(03)00061-8
https://doi.org/10.1016/S0167-5877(03)00061-8
https://doi.org/10.1016/j.idairyj.2017.12.014
https://doi.org/10.3168/jds.2016-11917
https://doi.org/10.3168/jds.2016-11917
https://doi.org/10.3168/jds.2019-17466
https://doi.org/10.3168/jds.2019-17466
https://www.in.gov.br/materia/-/asset_publisher/Kujrw0TZC2Mb/content/id/52750137/do1-2018-11-30-instrucao-normativa-n-76-de-26-de-novembro-de-2018-52749894IN%2076
https://www.in.gov.br/materia/-/asset_publisher/Kujrw0TZC2Mb/content/id/52750137/do1-2018-11-30-instrucao-normativa-n-76-de-26-de-novembro-de-2018-52749894IN%2076
https://www.in.gov.br/materia/-/asset_publisher/Kujrw0TZC2Mb/content/id/52750137/do1-2018-11-30-instrucao-normativa-n-76-de-26-de-novembro-de-2018-52749894IN%2076
https://doi.org/10.3945/an.116.013953
https://doi.org/10.1016/j.foodres.2018.10.071
https://doi.org/10.3168/jds.2009-2461
https://doi.org/10.1080/10473289.2005.10464660
https://doi.org/10.1080/10473289.2005.10464660
https://doi.org/10.3168/jds.2006-028
https://doi.org/10.3168/jds.2006-028
https://doi.org/10.1007/s001250051153
https://doi.org/10.1007/s001250051153
https://www.fao.org/faostat/en/#data
https://doi.org/10.1079/ASC20059
https://doi.org/10.15567/mljekarstvo.2021.0101
https://doi.org/10.15567/mljekarstvo.2021.0101


JDS Communications 2025; 6: 548–551

Jaiswal, K. P., and A. Sarsavan. 2014. Review on bovine beta-casein (A1, A2) 
gene polymorphism and their potentially hazardous on human health. In-
ternational Journal of Environment and Animal Conservation 3:1–13.

James, T., D. Meyer, E. Esparza, E. J. Depeters, and H. Perez-Monti. 1999. 
Effects of dietary nitrogen manipulation on ammonia volatilization from 
manure from Holstein heifers. J. Dairy Sci. 82:2430–2439. https:​/​/​doi​.org/​
10​.3168/​jds​.S0022​-0302(99)75494​-9.

Kaneko, J. J. 2008. Carbohydrate metabolism and its diseases. Pages 45–80 
in Clinical Biochemistry of Domestic Animals. 6th ed. J. J. Kaneko, J. 
W. Harvey, and M. L. Bruss, ed. Academic Press. https:​/​/​doi​.org/​10​.1016/​
B978​-0​-12​-370491​-7​.X0001​-3.

Kay, S. S., S. Delgado, J. Mittal, R. S. Eshraghi, R. Mittal, and A. A. Eshraghi. 
2021. Beneficial effects of milk having A2 β-casein protein: Myth or real-
ity? J. Nutr. 151:1061–1072. https:​/​/​doi​.org/​10​.1093/​jn/​nxaa454.

Kohn, R. A., K. F. Kalscheur, and E. Russek-Cohen. 2002. Evaluation of mod-
els to estimate urinary nitrogen and expected milk urea nitrogen. J. Dairy 
Sci. 85:227–233. https:​/​/​doi​.org/​10​.3168/​jds​.S0022​-0302(02)74071​-X.

Mangwe, M. C., W. A. Mason, C. B. Reed, O. K. Spaans, D. Pacheco, and 
R. H. Bryant. 2025. A systematic review and meta-analysis of cow-level 
factors affecting milk urea nitrogen and urinary nitrogen output under 
pasture-based diets. J. Dairy Sci. 108:579–596. https:​/​/​doi​.org/​10​.3168/​jds​
.2024​-25394.

Marino, E. D., D. C. M. Fonseca, A. N. Vasconcellos, L. M. F. S. Oliveira, A. 
M. F. Santos, J. C. C. Balieiro, and A. M. Vidal. 2024. Effect of A1 and A2 
alleles of CSN2 gene on yield, composition traits, and somatic cell count 
of milk from cows of contrasting genotypes in Brazil. Genet. Mol. Res. 
23:1–12. https:​/​/​doi​.org/​10​.4238/​gmr2348.

McLachlan, C. N. S. 2001. β-casein A1, ischaemic heart disease mortality, and 
other illnesses. Med. Hypotheses 56:262–272. https:​/​/​doi​.org/​10​.1054/​
mehy​.2000​.1265.

Miluchová, M., M. Gábor, and J. Candrák. 2023. The effect of the genotypes of 
the CSN2 gene on test-day milk yields in the Slovak Holstein cow. Agricul-
ture 13:154. https:​/​/​doi​.org/​10​.3390/​agriculture13010154.

Nguyen, H. T. H., H. Schwendel, D. Harland, and L. Day. 2018. Differences 
in the yoghurt gel microstructure and physicochemical properties of bo-
vine milk containing A1A1 and A2A2 β-casein phenotypes. Food Res. Int. 
112:217–224. https:​/​/​doi​.org/​10​.1016/​j​.foodres​.2018​.06​.043.

OECD/FAO. 2021. OECD-FAO Agricultural Outlook OECD Agriculture sta-
tistics (database). https:​/​/​doi​.org/​10​.1787/​19428846​-en.

Ortolani, E. L. 2003. Diagnóstico e tratamento de alterações ácido-básicas em 
ruminantes. Pages 17–28 in Simpósio de Patologia Clínica Veterinária, 
2003, Porto Alegre, Brasil. Accessed Feb. 7, 2023. https:​/​/​www​.ufrgs​.br/​
lacvet/​site/​wp​-content/​uploads/​2013/​05/​I​_simp​_patol​_clin2003​.pdf.

Pečnik, Z., and D. J. Jevšinek Skok. 2024. Identification of genomic regions 
affecting nitrogen excretion intensity in Brown Swiss dairy cows. Anim. 
Biotechnol. 35:2434097. https:​/​/​doi​.org/​10​.1080/​10495398​.2024​.2434097.

Rahimi, Z., M. Gholami, and K. Vari. 2015. Evaluation of beta-casein locus 
for detection of A1 and A2 alleles frequency using allele specific PCR in 
native cattle of Kermanshah. Biharean Biol. 9:85–87.

SAS. 2016. Statistical analysis user’s guide version 9.4. SAS Institute Inc., 
Cary, NC.

Spek, J. W., J. Dijkstra, G. Van Duinkerken, and A. Bannink. 2013. A review 
of factors influencing milk urea concentration and its relationship with 
urinary urea excretion in lactating dairy cattle. J. Agric. Sci. 151:407–423. 
https:​/​/​doi​.org/​10​.1017/​S0021859612000561.

Tomassini, A., G. Curone, M. Solè, G. Capuani, F. Sciubba, G. Conta, A. Mic-
cheli, and D. Vigo. 2019. NMR-based metabolomics to evaluate the milk 
composition from Friesian and autochthonous cows of Northern Italy at 
different lactation times. Nat. Prod. Res. 33:1085–1091. https:​/​/​doi​.org/​10​
.1080/​14786419​.2018​.1462183.

Vidal, A. M. C., and A. Saran Netto. 2018. Obtenção e processamento do 
leite e derivados. Universidade de São Paulo. https:​/​/​doi​.org/​10​.11606/​
9788566404173.

Wattiaux, M. A., M. E. Uddin, P. Letelier, R. D. Jackson, and R. A. Larson. 
2019. Invited Review: Emission and mitigation of greenhouse gases 
from dairy farms: The cow, the manure, and the field. Appl. Anim. Sci. 
35:238–254. https:​/​/​doi​.org/​10​.15232/​aas​.2018​-01803.

Wittwer, F. 2000. Diagnóstico dos desequilíbrios metabólicos de energia em 
rebanhos bovinos. Pages 9–22 in Perfil metabólico em ruminantes: seu uso 
em nutrição e doenças nutricionais. F. H. D. Gonzáles, J. O. J. Barcellos, 
H. Ospina, and L. A. Ribeiro, ed. UFRGS, Porto Alegre, Brazil. Accessed 
Feb. 7, 2023. https:​/​/​www​.ufrgs​.br/​lacvet/​site/​wp​-content/​uploads/​2013/​
05/​perfil​-metabolico1​.pdf.

Notes
This study was financed in part by the Coordination for the Improvement of 
Higher Education Personnel–Brazil (CAPES)–Finance Code 001. The authors 
thank the funding agencies São Paulo Research Foundation (FAPESP; grant 
no. 2019/09583-5; São Paulo, Brazil) for the financial support provided to the 
project and the Coordination for the Improvement of Higher Education Person-
nel (CAPES) for the doctoral scholarship granted and the National Council for 
Scientific and Technological Development (CNPq, São Paulo, Brazil; process 
number: 303774/2022-3). 

All experimental procedures applied in this study followed the ethical princi-
ples of animal experimentation, as well as the standards issued by the National 
Council for the Control of Animal Experimentation, which was approved by 
the Ethics Committee for the Use of Animals of the University of São Paulo 
Faculty of Animal Science and Food Engineering and registered under CEUA 
no. 9431111019.

The authors have not stated any conflicts of interest.

Nonstandard abbreviations used: AST = aspartate aminotransferase; BU = 
blood urea; GGT = gamma-glutamyl transferase; MP = milk production; MU = 
milk urea; NFS = nonfat solids content; UN = urinary nitrogen; UUN = urinary 
urea nitrogen. 

551da Fonseca et al. | β-CN gene and milk production characteristics

https://doi.org/10.3168/jds.S0022-0302(99)75494-9
https://doi.org/10.3168/jds.S0022-0302(99)75494-9
https://doi.org/10.1016/B978-0-12-370491-7.X0001-3
https://doi.org/10.1016/B978-0-12-370491-7.X0001-3
https://doi.org/10.1093/jn/nxaa454
https://doi.org/10.3168/jds.S0022-0302(02)74071-X
https://doi.org/10.3168/jds.2024-25394
https://doi.org/10.3168/jds.2024-25394
https://doi.org/10.4238/gmr2348
https://doi.org/10.1054/mehy.2000.1265
https://doi.org/10.1054/mehy.2000.1265
https://doi.org/10.3390/agriculture13010154
https://doi.org/10.1016/j.foodres.2018.06.043
https://doi.org/10.1787/19428846-en
https://www.ufrgs.br/lacvet/site/wp-content/uploads/2013/05/I_simp_patol_clin2003.pdf
https://www.ufrgs.br/lacvet/site/wp-content/uploads/2013/05/I_simp_patol_clin2003.pdf
https://doi.org/10.1080/10495398.2024.2434097
https://doi.org/10.1017/S0021859612000561
https://doi.org/10.1080/14786419.2018.1462183
https://doi.org/10.1080/14786419.2018.1462183
https://doi.org/10.11606/9788566404173
https://doi.org/10.11606/9788566404173
https://doi.org/10.15232/aas.2018-01803
https://www.ufrgs.br/lacvet/site/wp-content/uploads/2013/05/perfil-metabolico1.pdf
https://www.ufrgs.br/lacvet/site/wp-content/uploads/2013/05/perfil-metabolico1.pdf

	Association of β-casein gene polymorphism
with milk production characteristics in Holstein cows
	Graphical Abstract
	References




