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ABSTRACT: The cheese renneting process is affected by a 
number of factors associated to milk composition and a 
number of Danish Holsteins has previously been identified 
to have poor milk coagulation ability. Therefore, the aim of 
this study was to identify genomic regions affecting the 
technological properties (rennet coagulation time (RCT) 
and curd firming rate (CFR)). Markers were genotyped in 
373 Holstein cows using the bovine HD beadchip (Illumina 
Inc.). Two regions were identified for RCT explaining 6.1% 
and 7.8% of the phenotypic variation, respectively, and five 
regions were found for CFR explaining between 5.1% and 
7.6% of the variation. The regions encompass, among 
others, the caseins (CN) and CSN3, coding for к-CN was 
selected as the candidate gene for a major quantitative trait 
locus (QTL) on chromosome 6. In addition, CWC15, 
MAP2K5 and LMAN1 were selected as potential candidate 
genes.  
Keywords: milk coagulation; quantitative trait loci; dairy 
cattle; casein 

 
Introduction 

 
Previously, a large number of Danish Holstein 

cows have been identified to produce milk of low quality 
that potentially affect the technological properties and milk 
processing into cheese (Poulsen et al. (2013)). Mainly two 
factors are affected, namely the rennet coagulation time 
(RCT) and aggregation rate often measured as the curd 
firming rate (CFR). When rennet (chymosin) is added to 
milk, κ-casein is hydrolyzed, which leads to a 
destabilization of the micelles, and aggregates start to form 
(Dalgleish, (1992)). It is well known that differences in 
rennet-induced coagulation are due to differences in amount 
and composition of total protein, casein (CN), calcium and 
pH of milk (Hallén et al., (2010), Frederiksen et al., (2011)) 
which influence the size and stability of CN micelles. 
However, other factors, such as posttranslational 
modifications have also been found to affect coagulation 
properties (Frederiksen et al. (2011), Jensen et al. (2012)) 

 
As the heritability of cheese making traits has been 

found to be moderate to high (Bittante et al. (2012)) and 
little is known about which genes affect the system, the aim 
of this study was to identify genomic regions affecting two 
traits, the RCT and the CFR, using 373 Danish Holsteins 
genotyped on the bovine high density beadchip.  

 
Materials and Methods 

 
Samples. Milk and tissue samples were collected 

as part of the sampling material from the Danish-Swedish 
Milk Genomics Initiative comprising 417 Holstein cows 

situated at 20 different farms in Denmark as described in 
Poulsen et al. (2012). All cows were housed in loose 
housing systems, fed according to standard practices, and 
milked two or, rarely, three times daily. Parity, lactation 
stage and milk yield were recorded for all cows. Somatic 
cell count (SCC) were identified by the Fossomatic 5000 
(Foss electric) at the Eurofins Laboratory in Holstebro, 
Denmark. A total of 37 milk samples were discarded due to 
high Somatic cell count (SCC > 500.000 per ml). Milk pH 
was measured in skimmed milk samples, prior to 
coagulation, with a PHM 220 pH meter (RadioMeter, 
Copenhagen, Denmark).  

 
Rheological analysis. Rennet-induced coagulation 

of milk samples was determined by a ReoRox4 rheometer 
(MediRox AB, Nyköping, Sweden), as outlined in Poulsen 
et al. (2013). Each milk sample was measured as technical 
duplicates using the mean as a trait value. Milk coagulation 
properties for individual samples were described as RCT, 
defined as the amount of time from chymosin addition to 
when the phase angle reached 45º (θ = 45º) and CFR, 
calculated from consecutive points of the linear part of the 
gelation profile [ΔG’/Δt]lin. 

 
Genetic markers. Genomic DNA was purified 

from tissue and analyzed by GenoSkan A/S (Denmark) for 
SNPs using the BovineHD BeadChip (Illumina, San Diego, 
California, USA). Filtrations for low individual call rate (< 
0.97), low SNP call frequency (< 0.95), low minor allele 
frequency (MAF < 0.02) and deviations from Hardy-
Weinberg proportions (HWp < 0.001) was performed 
resulting in 615,818 SNPs used in the analysis. Tag SNPs 
were identified using Haploview version 4.2 (Barrett et al. 
(2006)) and pairwise tagging (LOD > 3 and r2 > 0.80) (de 
Bakker et al. (2006)) in order to correct for multiple testing 
(Bonferroni, α/n).  

 
Genome scan and haplotype analyses. A 

Genome-wide association study (GWAS) was performed as 
a simple scan to identify SNPs highly associated with the 
rheological traits. The analysis was performed in half-sib 
families using the “–at” option of analyzing the total 
evidence of association conducted as a simple F-statistic as 
implemented within the QTDT program package (Abecasis 
(2008)). To account for the non-genetic factors as well, 
highly associated SNPs identified across the QTL regions 
were combined into haplotypes as described in Gregersen et 
al. (2012) and the most common haplotype (MCH) within 
each QTL was analyzed for an additive genetic effect using 
the following model: 

 



Yi = µ + Bf(i) + Sscc(i) + Wweek(i) + Yyield(i) + PpH(i)  + 
Fherd(i) + llactation(i) + mmilknr(i) + βh(i) + ei 
 
where Yi is the trait value for the individual i, µ is the 
intercept, Bf(i), the random effect of the sire in the half-sib 
family of individual i, and Sscc(i), Wweek(i), Yyield(i), PpH(i) and 
Fherd(i) are the random effects, assumed normally distributed 
with independence covariance structure, of SCC, lactation 
week, milk yield, pH (all as binned variables) and 
herd/season for individual i, respectively. mmilknr(i) and 
llactation(i), the number of milking’s per day and lactation 
number, respectively, were considered fixed effects. The 
haplotype effect was a regression on h(i), where h(i) = 1 = 
two copies of the MCH, 0 = one copy and -1 = zero copies, 
and the parameter β was the additive genetic effect of the 
MCH. A significance test for β=0, i.e. no haplotype effect, 
was performed.  
 

The percent phenotypic variance explained by the 
MCH was estimated. The total variance was computed as 
the sum of the variances for the model, where the variance 
of the haplotype effect (Varhap1) was estimated as:  
 

Varhap1 = 2 * freqhap1 * (1 - freqhap1) * (effecthap1)2
 

 
Here freqhap1 and effecthap1 were the frequency and the 
estimated additive genetic effect of the MCH, respectively. 
The variance of the haplotype effect was then divided by 
the total variance and multiplied by 100. 

 

Results and Discussion 
 

Genome scan. Descriptive statistics of the 
rheological traits, CFR and RCT, can be found in Table 1. 
The coefficients of variation indicate a moderate to high 
genetic component which is in agreement with previously 
reported heritabilities (Bittante et al. (2012)).   

 
Table 1: Descriptive statistics of rheological rennet-
induced coagulation traits in Danish Holstein cattle 
using the ReoRox technology. 
Trait Mean SD Min Max 3CV, % 
log(1RCT, sec) 3.00 0.09 2.63 3.32 30.0 
2CFR, Pa/min 8.61 4.37 0.0 26.8 50.7 
1RCT = Rennet coagulation time (log-transformed in order 
to obtain a Gaussian distribution)  
2CFR = Curd Firming Rate  
3CV = coefficient of variation of non-log transformed traits 

 
In total, 19 genomic regions on ten different 

chromosomes were shown to affect the two rheological 
traits (Table 2). However, as the simple scan did not take 
into account the non-genetic factors potentially affecting 
the traits, a haplotype based approach was performed, 
where highly associated SNPs within QTL regions were 
combined and phased in order to identify the MCH. The 
MCH was then analyzed for an additive genetic effect and 
the phenotypic variance explained was estimated (Table 3).  

Table 2: Potential QTL regions identified by a simple 
GWAS and a list of candidate genes situated close to the 
top SNP (<1.7 Mb away). 

  
1BTA Top SNP, 

Mb QTL interval, Mb Candidate 
Genes2 

log(Rennet coagulation time) 

 
1 150.921 149.345-151.109 CBR1 

 
6 82.031 79.426-85.173  

 
15 14.469 13.660-24.387 CWC15 

Curd firming rate 

 
1a 48.046 48.045-48.048 RPL24 

 
1b 74.365 74.180-74.473 OPA1 

 
1c 112.433 112.409-112.442 GMPS 

 
6a 64.467 61.522-64.529 GNPDA2 

 
6b 87.421 85.481-88.576 CSN3 

 
9 37.714 36.061-38.213 MARCKS 

 
10a 15.898 15.492-15.901 MAP2K5 

 
10b 89.879 88.030-93.628 ALKBH1 

 11 103.596 Single SNP PAEP 

 
13 20.179 17.102-20.189 ITGB1 

 
15a 9.817 2.462-15.697 

 
 

15b 34.831 34.831-35.059 HSPA8 

 
19 16.819 11.345-16.850 

 
 

22 55.697 52.585-58.694 ATP2B2 

 
24 58.136 56.777-59.292 LMAN1 

 
29 49.958 Single SNP CTSD 

1BTA = Bos taurus chromosome 
2 = from Lemay et al. (2009) 

 
Identified QTLs. In total, seven QTLs were 

identified to be significant by the haplotype analysis, two 
for RCT and five for CFR (Table 3). The additive genetic 
effect of the MCH indicate the possibility for improvements 
of the traits through breeding efforts and this was further 
supported by the proportion of the phenotypic variance that 
could be explained (5.5% - 7.8%).  

 
Candidate Genes.  For the major QTL discovered 

on Bos taurus chromosome (BTA) 6 affecting CFR, the 
candidate gene CSN3, coding for к-CN, was selected. The 
genetic variants of к-CN have previously been associated to 
differences in CFR, with the B-variant having superior 
coagulation abilities (Poulsen et al. (2013)). On BTA 6 a 
QTL affecting RCT was discovered, but at a slightly 
different position, and this gene dessert region could 
potentially be regulated by the same gene or another gene 
within the CN-cluster. However, this needs to be further 
investigated. On BTA 15, an overlapping region was 
identified to affect both traits, and CWC15, involved in 
mRNA splicing, was selected as a candidate gene for RCT. 
Whether this gene could potentially affect both traits needs 
to be further investigated. In three cases no candidate gene 
was assigned, but these QTL regions were all broad, 
indicating involvement of more than one gene (Table 2). In 
addition, MAP2K5 and LMAN1 were identified close to the 
significant QTL regions.  

 
Even though a number of the QTL were not found 

to be significant by the haplotype analysis, the great overlap 
between milk or lactation genes and the QTL regions 



indicate that some of these might still be of interest in 
relation to coagulation properties. For instance, CTSD, 
coding for cathepsin D, is contained within the region 
identified on BTA 29. This protein is involved in 
proteolysis of CN in milk and is able to cleave κ-CN in 
resemblance with chymosin (Larsen et al. (1996)). Whether 
this gene affects the technological properties during cheese 
production needs to be further investigated. Further, PAEP, 
coding for β-lactoglobulin, is located in the region on BTA 
11 and the B-variant of the protein has been associated with 
better cheese-making properties (Wedholm et al. (2006)). 
Table 3. Haplotype analysis of the suggestive QTL 
regions using a mixed model testing the additive genetic 
effect and phenotypic variance explained by the most 
common haplotype across the QTL. 

 
1BTA 2# 3HF, %  P-value Effect 4Var, % 

log(rennet coagulation time, sec)   

 
1 7 46.8 2.88E-05 

 
-0.022 3.6 

 
6 5 60.3 7.36E-08 * 0.035 7.8 

 
15 15 24.0 4.67E-06 ** 0.035 6.1 

Curd firming rate, Pa/min 

 
1a 2 96.1 1.64E-04 

 
-2.23 2.7 

 
1b 3 77.2 9.15E-06 

 
-1.39 4.9 

 
1c 2 73.1 4.65E-05 

 
-1.20 4.1 

 
6a 9 33.8 6.99E-06 

 
1.28 5.3 

 
6b 9 40.9 7.04E-08 * -1.43 7.1 

 
9 4 78.0 1.60E-03 

 
-0.99 2.4 

 
10a 4 49.3 2.70E-06 ** 1.27 5.7 

 
10b 15 30.0 7.17E-05 

 
-1.18 4.2 

 11 2 82.0 1.94E-05  -1.43 4.3 

 
13 10 36.2 1.46E-04 

 
1.08 3.9 

 
15a 14 14.5 5.56E-08 * 1.98 7.1 

 
15b 6 28.1 2.36E-04 

 
0.91 2.4 

 
19 8 54.4 1.54E-06 ** -1.24 5.5 

 
22 17 25.1 1.59E-03 

 
-1.03 2.9 

 
24 16 19.3 9.34E-07 ** -1.66 6.1 

 
29 2 97.1 3.57E-05 

 
-3.25 4.2 

1BTA = Bos taurus chromosome 
2# = number of haplotypes with a frequency above 1.5% 
3HF = haplotype frequency of the most common haplotype 
4Variance = phenotypic variance explained by the most 
common haplotype  
*,** = 5% genome-wide, 5% chromosome-wide 
significance (adjusted levels) 
 

 

Conclusion 
 

A total of seven regions were identified to 
significantly affect the technological properties of milk. The 
study shows that other genes than the CNs themselves are 
affecting the coagulation properties. 
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