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Heat stress is a growing problem in dairy cattle 
breeding because of global warming and because of the 
genetic selection for greater production that reduces 
thermotolerance in cows. The negative influence of 
elevated environmental temperatures on economically 
important traits is well recognized in cattle. Thermal 
stress is responsible for decreased milk yield, milk fat, and 
protein contents, as well as reduced dry matter intake, 
health, and fertility (1,2). According to Gorniak et al. (2), 
even mild heat stress in cows kept in a temperate climate 
negatively affects milk production. Moreover, the decline 
in performance they observed could not be explained 
solely by reduced feed intake, and other factors, including 
changes in energy metabolism, might have contributed 
to decreased milk yield (2). At the physiological level, a 
hot environment was shown to induce several adaptive 
responses, including alterations of lipid metabolism (3).

Acyl-coenzyme A:diacylglycerol transferase (DGAT1) 
is a lipogenic enzyme that plays a key role in the synthesis 
of triacylglycerols (4). An ApA to GpC dinucleotide 
substitution located in exon 8 of the bovine DGAT1 
gene that replaces lysine (K) by alanine (A) in encoded 
protein (K232A polymorphism) has been proven to have 
a pronounced influence on milk yield and composition, 
especially on fat percentage in milk (5–7). Although in 

many cattle populations DGAT1:p.K232A alleles affected 
individual milk traits in the same direction, the magnitude 
of effects was variable between breeds (8), and during 
lactation (9). Recently, Akbar et al. (10) reported that the 
expression of this gene in the liver is reduced during the 
hot season. However, the impact of seasonal ambient air 
temperature changes on DGAT1 polymorphism effects 
is not known so far. The aim of this study was, therefore, 
to establish if the influence of K232A on milk production 
traits is dependent on environmental thermal conditions. 

The analyzed data set comprised 468 dairy cows of 
the Polish Holstein–Friesian (HF) breed, born between 
1999 and 2002, and kept on the same farm under uniform 
environmental conditions. The animals were daughters 
of 109 sires, with the sire half-sib family sizes varying 
between 1 and 53. The average cow’s milk yield per 305-
day lactation was 7452 kg. 

DNA for molecular analyses was extracted from 
peripheral blood using the standard phenol method. The 
biological material was collected in accordance with the 
ethical standards of the Local Ethics Committee for Animal 
Research. Genotypes of DGAT1:p.K232A were determined 
using the PCR-RFLP method, as described by Szyda and 
Komisarek (11), with the use of the following primers 
(5’-3’): F:TGCCGCTTGCTCGTAGCTTTGGCC* and 
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R:ACCTGGAGCTGGGTGAGGAACAGC. In the F primer, 
the restriction site for enzyme BglI (GCCNNNNNGGC) 
was introduced through purposeful mismatching of 
one base (marked with an asterisk). Selected PCR-RFLP 
conditions for the DGAT1:p.K232A polymorphism are 
presented in Table 1. 

Phenotypes were obtained from the routine national 
milk recording system and comprised monthly test-day 
records for milk, fat, and protein yields (kg) and protein and 
fat contents (%). Only phenotypes of the first 3 lactations 
were considered. A total of 6173 test day records were 
collected between July 2004 and September 2007. Data on 
the average daily air temperatures were obtained from the 
Polish Institute of Meteorology and Water Management 
- National Research Institute. The temperatures were 
measured on days of milk collection, in the weather station 
located near the dairy farm maintaining the cows analyzed 
in this study. 

Pearson’s correlation coefficients were used to 
determine if a significant relationship exists between 
the average daily environmental temperature and cows’ 
milk production traits. The effect of DGAT1:p.K232A 
polymorphism on milk yield and composition was 
analyzed by ANOVA, followed by Tukey’s post-hoc test, 
for the following air temperature ranges: 1) <5 ºC, 2) ≥5 
< 20 ºC, 3) ≥20 < 28 ºC, and 4) ≥28 ºC. For these classes, 
the numbers of available test day records were 1850, 2708, 
907, and 708, respectively. The statistical model included 
effects of sire, DGAT1 genotype, lactation number, and 
year-season of calving. Additionally, the allele substitution 
effects (α/2) were estimated by regressing the number of 
copies of DGAT1 allele K against the tested trait values. All 
statistical analyses were performed with the procedures of 
the SAS 9.3 package (12).

Among 468 cows examined, 72 KK, 230 KA, and 166 AA 
genotypes were identified. Allele frequencies (0.4 and 0.6 
for DGAT1:K232 and DGAT1:232A alleles, respectively) 

observed in this study did not differ notably from those 
previously reported for other HF cattle populations (7,13). 
The genotypes were distributed according to the Hardy–
Weinberg equilibrium. 

The average daily environmental temperatures 
measured at days of milk collection ranged from –4.6 ºC 
to 31.9 ºC. There was a significant negative correlation 
between air temperature and milk fat yield as well as milk 
composition traits, with the strongest correlation with 
fat percentage. Milk and protein yields did not correlate 
with environmental thermal conditions (Table 2). In the 
association analysis carried out without air temperature 
taken into account, the DGAT1:K232 allele significantly 
decreased milk and protein yields and increased fat yield 
and fat and protein contents (data not shown). These 
results are consistent with the findings of many previous 
studies performed in several dairy cattle populations (e.g., 
6,8,13). To the best of the authors’ knowledge, the influence 
of weather conditions on DGAT1 effects on milk yield and 
composition has not been investigated to date, although 
Duchemin et al. (14) found significant K232A genotype 
by season interactions for some fatty acid contents in 
milk. Results of the association analysis considering 
temperature effect are shown in Table 3. Summarizing, the 
increasing impact of the K232 allele on milk content traits, 
especially milk fat percentage, was observed regardless of 
the environmental thermal conditions. The other traits, 
however, were significantly affected only at the lower air 
temperatures (milk yield < 28 ºC; fat and protein yields < 
20 ºC).

Results of this study provide additional evidence 
that the effect of DGAT1:p.K232A on some production 
traits is not constant in cattle. In our previous study, the 
effect of this polymorphism on fat and protein contents 
in milk showed changes over time, being low in the first 
stage of lactation, and increased as lactation progressed 
(9). The significant impact of lactation stage on K232A 

Table 1. Selected PCR-RFLP conditions for the DGAT1:p.K232A polymorphism.

Annealing temp. (°C) PCR product size (bp) Restriction enzyme Digestion temp. (°C) Digestion product
size (bp)

58.5 378 BglI 37.0 K (AA): 96 and 282
A (GC): 28, 96, and 254

Table 2. Pearson’s correlation coefficients (and P values) between average daily air temperature and milk-related traits.

Milk (kg) Fat (%) Protein (%) Fat (kg) Protein (kg)

Pearson’s correlation coefficient (r) –0.0007 –0.1555 –0.0492 –0.0948 –0.0167

P value 0.9563 <0.0001 0.0001 <0.0001 0.1894
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effects was recently confirmed by Bovenhuis et al. (15). 
Other reports suggest that the effect of DGAT1 may 
also depend on breed (8,13,16) and parity (15,16). Now 
it seems that the impact of K232A on milk yield traits 
in hot seasons may be decreased. This is in agreement 
with the recent findings reported by Akbar et al. (10) that 
hepatic expression of DGAT1 in peripartal dairy cows is 
greater in spring than in summer. As the K232A alleles 
encode forms of the enzyme with different maximal 
velocity (17), a declined expression may result in a 
lesser polymorphism effect. On the other hand, DGAT1 
effects on milk content traits, especially fat percentage, 
were not affected by environmental thermal conditions. 
Temperatures observed in this study, however, were 
rather moderate, possibly not high enough to reduce the 

gene effect on those traits. Nevertheless, DGAT1 does not 
seem to be one of the genes responsible for the negative 
correlation between temperature and milk composition.

Results of this study suggest that the effect of 
DGAT1:p.K232A on some milk production traits in cattle 
is not constant and may depend on environmental thermal 
conditions. These findings give a better understanding 
of how genes and the environment interact to produce 
variations in the phenotype. As DGAT1 is one of the most 
promising candidate genes controlling many economically 
important traits, these results may be also important for 
implementation of this locus to dairy cattle breeding 
programs. To confirm the conclusion of this study, further 
investigations with higher temperatures and more accurate 
temperature measurements are needed.

Table 3. Estimated AA and AK DGAT1 genotype effects expressed in contrast to the KK genotype, and regression coefficients for the 
number of copies of the DGAT1:K232 allele representing half of the allele substitution effects (and P values) in different environmental 
temperatures.

Environmental
temperature Trait

Genotype effect1 DGAT1:K232 allele substitution effect

AA AK Overall P α/2 P

<5 ºC

Milk (kg) 4.02** 3.38** <0.0001 –1.73 <0.0001

Fat (%) –0.72** –0.40** <0.0001 0.35 <0.0001

Protein (%) –0.19** –0.13** <0.0001 0.09 <0.0001

Fat (kg) –0.09** –0.06* 0.0023 0.04 0.0132

Protein (kg) 0.10** 0.09* 0.0019 –0.04 0.0005

≥5 < 20 ºC

Milk (kg) 3.07** 2.04** <0.0001 –1.48 <0.0001

Fat (%) –0.62** –0.32** <0.0001 0.31 <0.0001

Protein (%) –0.23** –0.16** <0.0001 0.10 <0.0001

Fat (kg) –0.06* –0.02 0.0118 0.03 0.0224

Protein (kg) 0.05** 0.03* 0.0102 –0.02 0.0059

≥20 < 28 ºC

Milk (kg) 2.67** 1.34 0.0352 –1.30 0.0142

Fat (%) –0.68** –0.39** <0.0001 0.33 <0.0001

Protein (%) –0.16** –0.10** <0.0001 0.08 <0.0001

Fat (kg) –0.07* –0.05 0.0922 0.02 0.0537

Protein (kg) 0.06* 0.02 0.0952 –0.01 0.0614

≥28 ºC

Milk (kg) 1.07 –0.18 0.2698 –0.66 0.1954

Fat (%) –0.62** –0.27** <0.0001 0.31 <0.0001

Protein (%) –0.10* –0.03 0.0230 0.05 0.0041

Fat (kg) –0.06* –0.04 0.0626 0.02 0.0533

Protein (kg) 0.01 –0.02 0.5063 –0.01 0.5131

1Significance: *P ≤ 0.05, **P ≤ 0.01.
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