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ABSTRACT:  Bulking of milk by farm, tanker and factory 
silo will produce an average milk composition for a 
collection district. Thus the process of milk collection 
conceals the extent of natural variation in milk component 
concentrations between individual cows. Variation in milk 
composition between individuals is mostly genetically 
determined and hence can be harnessed through specific 
selection and breeding strategies. New technologies in 
genomics have facilitated the identification of key genes 
regulating the secretion of milk and specific genetic 
changes which limit or enhance gene activity and milk 
component concentration. This brief review gives examples 
of novel and some rare genetic variants that exist at low 
frequency in genes relatively well known in terms of their 
role in milk composition. Such variants have been 
identified by high-throughput phenotypic analysis of milk 
and sequencing of the target genes from cattle presenting 
extreme phenotypes. Identification of naturally-occurring 
genetic variations to develop lines of animals with more 
extreme dairy and/or milk composition phenotypes is 
relatively straightforward.  Industry development of such 
variants is much more challenging. 
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Introduction 

    Nutritional interventions provide only limited 
opportunities to alter milk composition. Effects of diet are 
limited to alterations in the fatty acid profile of milkfat 
through post-ruminal delivery of oils and fats (German et 
al. (1997)). The composition of milk protein is largely 
insensitive to nutritional inputs unless feed intake is 
severely reduced (Gray and MacKenzie (1987)).  

  The greatest opportunity in terms of modification 
of milk composition, stems from exploitation of genetic 
variation. Variation in milk composition between well-fed 
individual cows at the same stage of lactation, is mostly 
genetically determined and hence, can be harnessed through 
specific selection and breeding strategies. However, 
currently, any value of advantageous milk compositions is 
mostly lost by the process of milk aggregation on farm, 
milk tanker and milk silo.  

  New technologies in genomics have facilitated the 
identification of key genes regulating the secretion of milk 
and specific genetic changes which limit or enhance gene 
activity and milk component concentration. Add to this 
high-throughput phenotypic analysis of milk and the toolkit 
is readily useable to make radical changes in milk 
composition which can address human health, milk 
processing and marketing targets. 

The appropriate genetic strategies can capture 
natural variation and open doors to enhance or facilitate 
compositional changes. In addition we are starting to learn 
more about the regulation of milk composition through 
understanding of the function of key genes and pathways.   

  This brief review provides some examples of 
recent discoveries of genetic variations affecting milk yield 
and composition and their implications. 

Triglyceride assembly and milk fat yield and 
composition.  DGAT1 is an enzyme responsible for adding 
the third fatty acid to diacylglycerol, the last step in 
triglyceride assembly during milk fat synthesis. This 
process is particularly important for fat secretion by the 
mammary gland and also for fat absorption from the 
intestines. Among genetic variants identified for milk 
composition, DGAT1 invariably gives the greatest signal in 
GWAS analyses for milk fat content (and other traits; see 
e.g. Pryce et al. 2010).  Early estimates indicated that the 
major variants for DGAT1 (see below) accounted for 31% 
of the genetic variance for milk fat % (Grisart et al. (2002)).  

The major effect on milk fat content through 
genetic variation in DGAT1was through a two base-pair 
change in exon 8 resulting in an amino acid substitution 
(lysine to alanine) and a change in DGAT1 function 
(Grisart et al. (2002)).  Further, a variable repeat region was 
identified in the DGAT1 promoter which was associated 
with differences in DGAT1 expression (Kuhn et al. 2007). 
Most of the effect of DGAT1 variants was on milk fat 
content and yield. However, these discoveries also 
highlighted the inter-relationships of milk components, as 
the DGAT 1 variants were also associated with changes in 
milk volume and protein yield.  

We have used a phenotypic screening approach, 
based on commercial herd test data for milk composition of 
the NZ dairy cow population, to identify cows consistently 
extreme for milk fat content.  In one of these cows we 
identified a de novo mutation in DGAT1 leading to 
reduction in milk fat content in heterozygotes to ~3% (from 
~4.5%) and a change in protein to fat ratio from ~0.8 to 1.2. 
In heterozygous carriers and relative to non-carrier half-
sibs, the carriers increased volume output by about 4 litres 
and protein yield by ~50g/d, while reducing fat yield by 150 
g/d. The fatty acid composition of milk fat was also 
changed significantly through reduction in de novo fatty 
acid synthesis. Functional properties of the milk fat were 
enhanced as the saturated fat content was reduced by 12-
15%.  Unfortunately, this mutation also caused a major 
disruption to DGAT1 function, severely limiting the 
viability of homozygous but not heterozygous offspring 
(unpublished data).   



Thus, there is a strong effect of relatively common 
variations in DGAT1 and its promoter on DGAT1 activity 
and milk composition. However, other mutations can be 
found very readily through phenotypic screening.  

DGAT1 has a major role to play in the modulation 
of milk composition that is much wider than just milk fat 
content alone. Within the secretory cell, the inhibition of 
triglyceride assembly has a negative feedback on de novo 
fatty acid synthesis, lactose output (volume) and protein 
yield. The mechanism (s) of these feedback pathways   
remains to be determined.    

Triglyceride assembly also involves the enzymes 
encoded by AGPAT6, GPAT and LPIN1 genes. Variants in 
the latter two genes have not been well described.  

However, recently, several GWAS studies have 
identified a region of BTA27 affecting milk fat content (eg 
Strucken, et al. (2012)).  A plausible candidate gene at this 
locus was AGPAT6.  

In our own independent GWAS, we also saw a 
large effect on milk fat percentage at the chromosome 27 
locus. We conducted a detailed analysis of this locus, 
conducting association analysis of 58 variants discovered 
by whole genome sequencing that map to the AGPAT6 
gene (Littlejohn et al. (2014). The most significant variants 
mapped to the 5’UTR exons and intron 1 of AGPAT6. 
Large-scale mammary RNA sequencing suggested that a 
strong eQTL for AGPAT6 was responsible for the milk fat 
% signal, where the QTL allele associated with increased 
AGPAT6 expression was also associated with increased 
milk fat %.  

Thus, as with DGAT1, the relative activity of 
another (preceding) stage of triglyceride assembly has a 
strong impact on milk fat synthesis, and like DGAT1 is also 
associated with protein and volume yield (Littlejohn et al., 
(2014)), and the composition of a wide range of milk fatty-
acids  

β -lactoglobulin.  β -lactoglobulin is a major whey 
protein, comprising 50-70% of total whey protein at an 
average concentration in milk of around 4.5 g/l.  Several 
variants have been described but the most common in most 
dairy populations are the A and B variants which differ both 
in expression level and amino acid sequence (see Berry et 
al. (2010)). For the milk processor it may be beneficial to 
have low β-lactoglobulin concentration in milk for some 
processes. For example, plant fouling during UHT milk 
processing can be ameliorated by the β-lactoglobulin B 
variant, while other products such as yoghurt may benefit 
from higher β lactoglobulin concentrations through 
improved gelling properties associated with this molecule.  

As a result of an extensive phenotyping screen, 
(using high throughput mass spectrometry) of milk from 
over 15000 cows in mid lactation, we identified a subset of 
about 200 animals that had substantially lower β- 
lactoglobulin in their milk (1-2 g/l). The majority of these 

animals were associated with a sire family and one recent, 
high-use, sire, in particular.  

Sequencing of the sire and some of his offspring 
identified a single, exonic SNP that was associated with 
reduced gene expression. In vitro expression of model 
constructs of the β-lactoglobulin gene confirmed the 
functionality of the SNP in reducing gene expression in a 
cell culture system.  RT-PCR also showed the relative 
difference in mRNA expression when the SNP was present. 

Thus the use of high throughput phenotypic 
screening facilitated the discovery of a new genetic 
variation, which in this case had an allele frequency of 
about 1% in the general population among New Zealand 
cattle. 

Further work identified that some cows were 
producing milk with up to 7.5 g/l of β-lactoglobulin. 
However, the functional genetic variation underpinning this 
trait was not identified.  

Milk fat color.  Milk fat color is highly variable, 
especially in grazing Friesian/Jersey crossbred populations 
of dairy cattle such as those found in New Zealand.  
Selection of cattle for milk β-carotene content (the main fat 
component contributing ‘yellowness’), would enable 
tailoring of milk fat for different markets. Many markets 
prefer whiter milk fat while in others, consumers may 
perceive yellowness as ‘healthy’.  

Milk fat color is genetically determined and a 
highly heritable trait (Winkelman et al. (1999)). Further, the 
pathway of carotene metabolism is well described, thus 
facilitating identification of candidate genes after QTL 
analysis. This example is of an extreme genetic change that 
is relatively rare in Holstein populations but almost fixed in 
the New Zealand Jersey cattle population. 

 Once absorbed from the intestine, β-carotene is 
metabolized in many tissues, including the mammary gland. 
One of the main enzymes involved in β carotene 
metabolism is β-carotene oxygenase 2 (BCO2). This 
enzyme is responsible for cleavage of β-carotene (yellow) 
to vitamin A (colorless).  

A QTL screen in Friesian-Jersey crossbred cows in 
New Zealand identified a number of signals for milk fat 
color, including regions harbouring genes involved in β-
carotene transport, (SCARB1) and metabolism (BCMO1) 
and (BCO2). Sequencing of the BCO2 gene identified a 
premature stop codon with a large effect on milk and serum 
β-carotene content (Berry et al. (2009)).   

These results provided in vivo evidence for BCO2-
mediated conversion of β-carotene to vitamin A in bovine 
tissues.  Further, BCO2-/- cows had more β-carotene in 
serum and milk and less vitamin A in liver, the main 
storage site for this vitamin.  That the milk phenotype 
reflects the blood phenotype suggests the majority of β-



carotene is metabolized to vitamin A outside of the 
mammary gland.   

Conclusions 

Rare genetic variants for milk composition can be 
discovered through high throughput phenotypic screening 
and genome sequencing of candidate genes in cows 
exhibiting extreme phenotypes. 

A major gene regulating milk fat content in dairy 
cattle, DGAT1, is remarkable for pleiotropic effects of 
milk volume (lactose) and protein yield. The pleiotropic 
effects of DGAT1 are mimicked by another member of the 
triglyceride assembly pathway, AGPAT6. The activity of 
the triglyceride assembly pathway appears able to provide 
feedback mechanisms that can influence milk synthesis 
and secretion, including de novo fatty acid synthesis, 
protein and lactose synthesis. 
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