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Abstract

Dysin, A., Pozovnikova, M., Tulinova, O. & Scherbakov, Y. (2024). GWAS analysis of milk composition traits in 
Ayrshire cattle breed. Bulg. J. Agric. Sci., 30(6), 1090–1096

This research report presents a comprehensive analysis of the genetic basis of milk composition traits in the Ayrshire cattle 
breed using genome-wide association studies (GWAS) and single nucleotide polymorphisms (SNPs). Through GWAS anal-
ysis, significant SNPs associated with milk composition traits in Ayrshire cattle were identified, many of which were located 
near genes known to be involved in various biological processes associated with milk production. The study focused on traits 
such as basic fatty acids, somatic cell count, differential somatic cell counts, lactose, protein, pH, and Solid-Non-Fat Content. 
The highest number of identified SNPs was associated with somatic cell count in milk and fatty acids. These findings provide 
valuable insights into the genetic mechanisms underlying milk production and quality in Ayrshire cattle, with the potential to 
contribute to the development of tools for improving milk production and quality in the dairy industry. The study highlights 
the importance of understanding the complex genetic mechanisms involved in milk production and quality, specifically in the 
Ayrshire breed. Further research is warranted to explore the functional roles of the identified genes and their potential applica-
tions in breeding programs for enhanced milk production and quality.
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Introduction

Dairy production is a critical part of the global economy, 
providing food, employment and income for millions of peo-
ple (Peterson & Mitloehner, 2021). Milk characteristics such 
as milk yield, composition and quality are of great importance 
to the profitability of the industry (Nickerson, 1995). The Ayr-
shire cow breed is one of the most popular breeds in the global 
dairy industry due to its high productivity and milk quality. In 
Russia, this breed ranks third in terms of productivity – from 
7600 to 8800 kg of milk per year, with fat content from 4.08% 
to 4.45% – after Holstein Black-Beast and Red-Beast breeds 
(Tulinova et al., 2021). Ayrshire cows are characterized by a 
moderate build, strong limbs, red-mottled color, high longevi-
ty, easy calving, and fairly high milk yields with excellent milk 
quality and high fat content (Gutierrez-Reinoso et al., 2021).

The study of cattle genetics and dairy traits has been a 
subject of interest to many researchers over the years. Sev-
eral studies have investigated the genetic basis of dairy traits 
in dairy cattle, providing valuable insights into the complex 
genetic mechanisms underlying milk production and qual-
ity (Gutierrez-Reinoso, Aponte, & Garcia-Herreros, 2021; 
Liu et al., 2022; Peñagaricano, 2020; Yan et al., 2020;). Ge-
nome-wide association studies (GWAS) are widely used to 
identify genomic regions associated with mammary traits 
(Ariyarathne et al., 2021; Freebern et al., 2020; Jiang et al., 
2019; Singh et al., 2022; Yan et al., 2020; Zhou et al., 2019), 
and single nucleotide polymorphisms (SNPs) are widely 
used as genetic markers in GWAS analyses (Ateya, Ibrahim, 
& Al-Sharif, 2022; da Cruz et al., 2020; Jayawardana et al., 
2023; Teng et al., 2023; Ricardo Zamorano-Algandar et al., 
2023). SNP genotyping allows the development of tools to 
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improve milk production and quality, for example, to better 
methods to select the most productive animals and to improve 
the efficiency of selection in the dairy industry (Koopaee & 
Koshkoiyeh, 2014; Worku et al., 2022).

As we know, milk is a complex mixture of different com-
ponents, each of which plays a different role and function in 
animal physiology and human health. Therefore, it is import-
ant to study not only the total amount of milk produced by an 
animal, but also its individual components that determine its 
nutritional and technological value. For example, milk protein 
provides essential amino acids for human nutrition and fulfils 
various biological functions (Gross, 2022). Milk protein also 
affects milk cost and profitability, milk quality and processing, 
and animal health and welfare (Buchanan, 2002). 

Fatty acids are also an important component of cattle milk 
as they provide energy, flavour and health benefits to con-
sumers. Monounsaturated and polyunsaturated fatty acids 
are beneficial for blood lipid levels and cardiovascular health 
(Abdoul-Aziz, Zhang, & Wang, 2021; Bionaz, Vargas-Bel-
lo-Pérez, & Busato, 2020). In addition, cow’s milk contains 
long-chain polyunsaturated essential fatty acids, eicosapentae-
noic acid, arachidonic acid, and docosahexaenoic acid, which 
are important for the proper development of organs, tissues, 
and nervous system of calves (Anitaş & Göncü, 2018).

Somatic cell count (SCC) is the main indicator of milk 
quality and udder health in dairy cows. Most somatic cells are 
white blood cells that increase in response to pathogens that 
cause mastitis (Sharif & Muhammad, 2008). A high SCC indi-
cates a high level of infection and inflammation in the udder, 
which can reduce milk yield, alter milk composition, impair 
milk processing and affect human health (Farschtschi, Mattes, 
& Pfaffl, 2022; Li et al., 2014; Wickström et al., 2009). There-
fore, SCC is used as a criterion to determine the suitability of 
milk for human consumption.

In this study, we plan to perform GWAS analysis and SNP 
genotyping to determine the genetic factors affecting a number 
of milk parameters from the first lactation of Ayrshire cows.

Materials and Methods

Phenotype gathering
Samples were taken during scheduled control milkings 

of 600 cows, conducted in six farms (5 in the Leningrad and 
1 in the Moscow region) during 10 months of the first lacta-
tion. The volume of each sample was 40-50 ml, and Broad 
Spectrum Microtabs II – micro tablets for preservation of 
milk samples (8 mg of bronopol and 0.3 mg of natanitsin) 
were used for preservation. Samples were stored in a refrig-
erator at +4°C. Samples were delivered to the laboratory 
no later than 4 days from the time of sampling. Raw milk 

samples were analysed on the basis of RRIFAGB — Branch 
of the L. K. Ernst Federal Science Centre for Animal Hus-
bandry Collaboration Centre on 23 indicators using infrared 
analyser FOSS 7 DSCC (Denmark). The following param-
eters were evaluated: basic fatty acids (g/100 g milk): satu-
rated FA (SFA), monounsaturated FA (MUFA), long-chain 
FA (LCFA), medium-chain FA (MCFA); SCC (ths. units/
ml); differential somatic cell counts (DSCC) (the share of 
lymphocytes and PMN in the total cell count) (%); Lactose 
(%); Protein (%); active acidity (pH); Solid-Non-Fat Content 
(SNF) (%).

SNP genotyping
DNA samples were genotyped using an Illumina Bo-

vineSNP50v2 high-density chip (Illumina Inc., USA). DNA 
samples with genotyping quality of more than 95% at SNP 
loci were selected for further study. SNP filtering was per-
formed using PLINK 1.9 software (Chang et al., 2015) and 
minor allele frequency (MAF) > 0.05. After SNP filtering, 
45470 variants were available for further analysis.

GWAS 
GWAS was performed using EMMAX software and a 

state-wise kinship matrix generated by EMMAX (Kang et 
al., 2010). For GWAS analyses, the obtained data for 10 milk 
parameters for each individual (SFA, MUFA, LCFA, MCFA, 
SCC, DSCC, lactose, total protein, pH, SNF) were used. The 
following model was implemented to calculate the effect of 
SNPs on the trait:

Y = Xb + u + e,

where Y is the vector of phenotypes; b is the SNP effect; X is 
the SNP genotype design matrix; u is the vector of additive 
genetic effects, which is assumed to be normally distributed 
with mean equal to 0 and (co)variance σ2aG, where σ2a is 
the additive genetic variance and G is the genomic relation-
ship matrix; e is the vector of random residual effects.

Significance and estimated levels for SNP effects were 
set using Bonferroni correction to exclude false positives 
(1.09962*10-6 (0.05/45470) and 2.199252*10-5 (1.00/45470), 
respectively. Whole-genome significance was assessed using 
the simpleM in R method, and the calculation of the effective 
number of independent tests was performed using Meff (Gao, 
2011).

Manhattan and quantile-quantile (Q-Q) plots were con-
structed based on GWAS results and using the qqman pack-
age in R software (Figure 1 and Figure 2) (Turner, 2014). 
Genes matching or close to a candidate SNP candidate ge-
nomic region were identified using the ARS-UCD1.2 ge-
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nome assembly (GCA_002263795.2). SNP information for 
the corresponding genes was obtained using NCBI and En-
semble genomic browsers.

Results and Discussion

In this study, we aimed to investigate the genetic factors 
affecting various milk parameters in Ayrshire cows during 
their first lactation. We performed a whole genome associ-
ation study and genotyping of single nucleotide polymor-
phisms to identify regions of the genome associated with 
milk composition traits in this breed. Our GWAS analysis 
identified several significant SNPs associated with milk 
composition traits in Ayrshire cattle (Table 1) (Figure 1 and 
Figure 2). 

It is worth noting that the identified SNPs are located in 
or near genes known to be involved in various biological 
processes associated with milk production. For example, 
rs42098380, associated with SFA levels in milk, is located in 
an intergenic region next to the NRAP gene, which encodes a 
muscle-specific protein belonging to the nebulin family and 
may be involved in the attachment of actin filament ends in 
myofibrils to the membrane and the transfer of tension from 
myofibrils to the extracellular matrix (Buggiotti et al., 2021). 
Our data suggest that this gene may also play a role in reg-

ulating milk composition in Ayrshire cows. This finding is 
consistent with a recent study by Tiplady et al. (2021) who 
performed GWAS on 895 individual FT-MIR wave number 
phenotypes using conditional whole genome sequencing 
for 38 085 New Zealand mixed breed dairy cows, including 
Ayrshire. They also found a significant association between 
rs42098380 and SFA levels in milk, as well as other FT-MIR 
wave number phenotypes related to lipid content and com-
position. They also found that NRAP was one of the co-lo-
calised and co-segregating eQTLs for FT-MIR wave number 
phenotypes, suggesting that NRAP expression may affect 
milk lipid synthesis or secretion (Tiplady et al., 2021).

Another significant SNP, rs41588600, was associat-
ed with MUFA (p<0.01). Also rs41588600 showed signif-
icant association with MUFA and LCFA levels. This SNP 
is located in an intergenic region next to the PROX1 gene, 
which encodes a transcription factor involved in develop-
mental processes such as cell fate determination, regulation 
of gene transcription and regulation of progenitor cells in 
a number of organs including the liver and pancreas (Shen 
et al., 2018). This suggests that PROX1 may also influence 
fatty acid synthesis in Ayrshire cows. This finding is novel 
and has not been reported in previous studies investigating 
milk composition traits in dairy cattle. However, PROX1 has 
been implicated in lipid metabolism and homeostasis in oth-
er species such as mice and humans (Kretowski et al., 2015; 
Truman et al., 2012). Hence, it is possible that PROX1 may 
fulfil a similar function in the bovine mammary gland and 
influence the FA profile in milk.

Also, we found an association between SNPs and MCFA 
levels. For example, rs110748053 located in the LMBRD1 
gene showed significant association with MCFA levels. The 
LMBRD1 gene encodes a lysosomal membrane protein that 
is involved in the transport and metabolism of cobalamin 
(vitamin B12), which is essential for the normal function-
ing of enzymes involved in the metabolism of amino acids, 
lipids and cholesterol (Rutsch et al., 2009). This suggests 
that LMBRD1 may also influence MCFA levels in Ayrshire 
cow’s milk. This finding is consistent with a previous study 
by Gebreyesus et al. (2019) who conducted a multi-popula-
tion GWAS on FA composition in milk samples from 16 823 
Holstein cows from China, Denmark and the Netherlands us-
ing HD genotypes. They also found a significant association 
between rs110748053 and MCFA levels in milk as well as 
other FA indicators such as C10:0 and C12:0 (Gebreyesus, 
Buitenhuis, et al., 2019). They also performed pathway and 
GO analyses to identify promising candidate genes in new 
areas and found that LMBRD1 was rich in terms related to 
lipid transport and metabolism (Gebreyesus, Bovenhuis, et 
al., 2019). Our results suggest that these genes may play a 

Fig. 1. Manhattan plots of Ayrshire milk fatty acids 
GWAS

Fig. 2. Manhattan plots of Ayrshire milk other traits 
GWAS
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role in the regulation of fatty acid synthesis and metabolism 
in milk.

In addition to FA-related traits, we identified SNPs asso-
ciated with other milk composition parameters. For example, 
our analysis identified SNPs associated with SCC, which 
is an important indicator of udder health and milk quality. 
SNP rs42657117 was found to be significantly associated 
with SCC. SCC is often used as an indicator of mastitis, 
an inflammatory disease of the mammary gland. Identifi-
cation of genetic markers associated with SCC may facili-

tate the development of strategies to improve udder health 
and reduce the incidence of mastitis in Ayrshire cows. The 
rs109909102, located next to the ZFP64 gene, also showed 
significant association with SCC. The ZFP64 gene encodes a 
zinc finger protein that may be involved in the regulation of 
mesenchymal cell differentiation and milk protein synthesis 
(Sakamoto et al., 2008). Our data suggest that ZFP64 may 
also play a role in modulating udder health and susceptibil-
ity to mastitis in Ayrshire cows. The rs42775315 located in 
the MYO16 gene was significantly associated with SCC in 

Table 1. Main results of GWAS of some milk parameters of Ayrshire breeds
Milk 
parameter

SNP name Chro-
mo-
some

SNP position p-value SNP localization SNP  
(En-
sembl)

Gene ID SNP ID Variance

SFA rs42098380 26 34358100 2.23E-05 NRAP A/G ENSBTAG00000019327 rs42098380 –
BTA-100341-no-rs 26 34821636 1.40E-05 intergenic variant A/C – rs41567905 –
BTA-113150-no-rs 17 43762526 1.10E-05 intergenic variant A/C – rs41618252 –
BTB-01212667 14 52216536 2.18E-05 intergenic variant A/G – rs42372922 –

MUFA ARS-BFGL-NGS-32980 10 (7) 87523687 2.49E-05 CAMK4 A/G ENSBTAG00000035662 rs3423093341 –
BTA-56450-no-rs 23 35706450 8.39E-06 intergenic variant A/C – rs41588600 intron variant

LCFA BTA-56450-no-rs 23 35706450 1.67E-05 intergenic variant A/C – rs41588600 intron variant
ARS-BFGL-NGS-2625 8 21328935 2.07E-05 intergenic variant T/C – rs110892039 –

MCFA BTA-100341-no-rs 26 34821636 1.26E-05 intergenic variant G/T – rs41567905 –
ARS-BFGL-NGS-72307 9 8933985 2.11E-05 LMBRD1 A/G ENSBTAG00000016164 rs110748053 –

SCC ARS-BFGL-NGS-23063 17 28862421 4.38E-08 intergenic variant A/G – rs109897445 –
BTB-01661144 12 88018471 9.86E-08 MYO16 T/C ENSBTAG00000018237 rs42775315 –
BTB-02076946 29 24014819 2.26E-06 intron variant A/C ENSBTAG00000050228 rs43178042 –
ARS-BFGL-NGS-72766 21 35809110 2.84E-06 intergenic variant A/G – rs109664122 intron variant
ARS-BFGL-NGS-42703 16 71431541 2.87E-06 PROX1 T/C ENSBTAG00000010978 rs109659498 –
ARS-BFGL-NGS-98526 26 6692455 4.19E-06 intergenic variant A/G – rs110879043 –
ARS-BFGL-NGS-108622 21 57870643 4.46E-06 RIN3 A/G ENSBTAG00000010416 rs109146048 intron variant
BTB-01995313 4 42395110 5.19E-06 intergenic variant A/C/T – rs43098703 –
BTA-91502-no-rs 3 11770282 7.20E-06 intergenic variant A/C – rs41661537 intron variant
ARS-BFGL-NGS-37900 3 3424295 8.54E-06 LRRC52 T/C ENSBTAG00000001686 rs109004361 –
ARS-BFGL-NGS-113928 13 80583992 8.91E-06 ZFP64 T/C ENSBTAG00000001512 rs109909102 –
Hapmap39531-BTA-101781 13 72610173 9.94E-06 intergenic variant A/C – rs42657117 intron variant
BTA-37234-no-rs 15 61893000 1.21E-05 intergenic variant T/C – rs41583263 intron variant
ARS-BFGL-NGS-118090 2 124821120 1.23E-05 PTPRU A/G ENSBTAG00000012848 rs108942230 –
BTB-01201475 6 50826657 1.32E-05 intergenic variant A/G – rs42360562 –
BTB-00264565 6 79705920 2.12E-05 intergenic variant T/C – rs43469330 splice polypyrimi-

dine tract variant
ARS-BFGL-NGS-43812 4 84080999 2.30E-05 intergenic variant G/C – rs110040170 –

DSCC ARS-BFGL-NGS-58728 28 41921923 7.59E-06 upstream gene 
variant

T/C ENSBTAG00000017946 rs109651956 –

Lactose BTA-91502-no-rs 3 11770282 2.24E-06 intergenic variant A/C – rs41661537 intron variant
ARS-BFGL-NGS-25568 9 87429492 1.03E-05 UST A/G ENSBTAG00000051913 rs43605625 –

Protein ARS-BFGL-NGS-14939 5 101788321 1.65E-05 DPPA3 A/T ENSBTAG00000046609 rs109054828 intron variant
Hapmap42255-BTA-56826 23 41313003 2.50E-05 JARID2 A/G ENSBTAG00000012938 rs41589759 upstream gene 

variant
pH ARS-BFGL-NGS-94552 26 34955110 2.11E-05 TDRD1 A/C ENSBTAG00000006855 rs110792748 –
SNF ARS-BFGL-NGS-20009 3 12917444 4,26E-06 intergenic variant G/T ENSBTAG00000019327 rs109373837 intron variant
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milk (P < 0.05). The MYO16 gene encodes a myosin pro-
tein that is involved in cell motility and cytoskeleton organ-
isation (Roesler et al., 2019). Previous studies have shown 
that myosin proteins play a role in leukocyte migration and 
phagocytosis, which are important for the immune response 
to pathogens (Mansfield, Shayman, & Boxer, 2000; Reville 
et al., 2006).

In our work, rs42775315, located in the MYO16 gene, 
was significantly associated with SCC in milk (p < 0.05). 
Hence, we suggest that the MYO16 gene may influence 
SCC in milk by modulating leukocyte recruitment and ac-
tivity in the mammary gland. Another RIN3 gene, found at 
rs109146048, encodes a Ras and Rab interactor protein that 
is involved in endocytosis and vesicle transport (Shen et al., 
2022). Previous studies have shown that RIN3 regulates the 
internalisation and degradation of epidermal growth factor 
receptor (EGFR), which is a key factor in cell prolifera-
tion and survival (Wu et al., 2021). Hence, we hypothesise 
that the RIN3 gene may affect SCC in milk by modulat-
ing EGFR turnover and signaling in mammary epithelial 
cells. The LRRC52 gene, found at rs109146048, encodes 
a leucine-rich protein containing repeats that is involved 
in calcium signaling and cell adhesion (Yang et al., 2011). 
The PTPRU gene encodes a receptor-type protein tyrosine 
phosphatase that is involved in cell adhesion, migration and 
differentiation (Liu et al., 2014). To our knowledge, this is 
the first report of a link between the above genes and SCC 
in milk.

DSCC is also an important indicator of udder health and 
is commonly used to assess mastitis, which is an inflamma-
tory disease of the mammary gland. The only SNP associat-
ed with DSCC is rs109651956, located in an intron variant 
next to the ENSBTAG00000017946 gene. These results are 
partially consistent with a previous study by Sanchez et al. 
(2019), who performed a GWAS on milk cheese-forming 
properties and milk composition traits in 1011 Montbeliarde 
cows from France using conditional whole genome sequence 
data. They also found a significant association between 
rs42657117 and SCC as well as other CMP and milk compo-
sition traits such as rennet curdling time, curd hardness, pro-
tein and casein content. However, they found no significant 
association between rs109651956 and DSCC or any other 
trait (Sanchez et al., 2019). Similar studies have also identi-
fied other SNPs associated with DSCC in other dairy cattle 
breeds. For example, a study by da Cruz et al. (2021) iden-
tified SNPs associated with DSCC in the Girolando dairy 
cattle breed. These SNPs were located near genes involved 
in immune response and inflammation pathways, suggesting 
their potential role in mastitis susceptibility (da Cruz et al., 
2021).

Measurement of milk pH is important to ensure milk 
safety, quality and shelf life. It can also help in the diagnosis 
and prevention of mastitis in dairy cows, which can improve 
their welfare and productivity (Kandeel et al., 2019). Our 
analysis confirmed the association between rs110792748 lo-
cated in the TDRD1 gene and milk pH in Ayrshire breed. 
This converges with the results of a similar study by Wang 
et al. (2022) conducted on the Holstein breed. However, in 
their case this SNP, although located in the same gene, was 
associated with a different milk characteristic, milk fat per-
centage (Wang et al., 2022).

Conclusion

In conclusion, our study utilized GWAS and SNPs to in-
vestigate the genetic factors influencing milk composition 
traits in Ayrshire cattle. Through our analysis, we identified 
several significant SNPs associated with milk composition 
traits in this breed, many of which were located near genes 
known to be involved in various biological processes asso-
ciated with milk production. These findings provide valu-
able insights into the genetic mechanisms underlying milk 
production and quality in Ayrshire cattle. Further research 
and validation of these genetic markers could contribute to 
the development of tools for improving milk production and 
quality in the dairy industry.
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