
Proceedings, 10th World Congress of Genetics Applied to Livestock Production 
 

RNA Sequencing for the Analysis of Complex Traits in Milk: Detection of Bacteria 

J.F. Medrano, A. Cánovas, A. Islas-Trejo 
University of California-Davis, Davis, California, USA 

ABSTRACT: RNA-Sequencing (RNA-Seq) has had a 
revolutionary impact on transcription analysis in cattle 
functional and structural genomics. The development and 
validation of non-invasive sampling techniques to examine 
the milk transcriptome using RNA-Seq has contributed to 
our wider understanding of the functional metabolic 
pathways affecting the composition and manufacturing 
properties of milk. Different milk cellular components such 
as somatic cells (SC) and milk fat globule membrane 
(MFG) have been used to examine the milk transcriptome, 
providing a practical non-invasive approach that has 
allowed extending this methodology to several mammalian 
species, including cattle, macaques and humans. In the 
present study we present new data examining the 
metatranscriptome of bovine milk to determine the 
composition and structure of bacterial populations affecting 
mastitis. RNA from MFG and SC from healthy and mastitic 
cows was examined. A detailed protocol is provided on 
how to sample MFG and SC from milk to perform RNA-
Seq. 
Keywords: transcriptome; metatranscriptome; RNA-Seq; 
genomics 

 
Introduction 

 
Global gene expression analysis by next 

generation sequencing or RNA-Sequencing (RNA-Seq) was 
introduced around 2008. This technology has been widely 
used and has made very significant impacts on the 
structural and functional analysis of the transcriptome. We 
have utilized RNA-Seq of different milk cellular 
components (somatic cells, milk fat globule membrane, 
mammary epithelial cells and others) to examine the milk 
transcriptome and functional metabolic pathways affecting 
the composition and manufacturing properties of milk. The 
sampling of milk cellular components in contrast to 
performing mammary biopsies (Medrano et al. (2010)) 
provided a practical non-invasive approach to study the 
transcriptome that has allowed extending this work to 
several organisms, including cattle, macaques and humans.  

 
 Previous work comparing the milk somatic cell 
and mammary gland transcriptome demonstrated that milk 
somatic cells are representative of the mammary gland 
transcriptome and can be used as an alternative tissue to 
study gene expression of milk-related traits (Medrano et al. 
(2010)). This comparison has been expanded to include five 
different sources of RNA, namely mammary gland tissue 
(MGT), milk somatic cells (SC), laser micro-dissected 
mammary epithelial cells (LCMEC), milk fat globules 
(MFG) and antibody-captured milk mammary epithelial 
cells (mMEC), to analyze the bovine mammary gland 
transcriptome using RNA-Seq (Cánovas et al. (2014)). 

These results provided a more detailed comparison among 
different sampling methods. The two simplest procedures to 
examine the milk transcriptome are to isolate total RNA 
directly from SC or from MFG. Although it is difficult to 
maintain the integrity of the RNA from MFG, both SC and 
MFG can be used as non-invasive sampling procedures to 
study mammary gland gene expression.   
 

Our initial work on the detailed transcriptome 
analysis using RNA-Seq of SC in Holstein cows at different 
stages of lactation (15, 90 and 250 days of lactation), has 
provided a unique functional vision of lactation 
(Wickramasinghe et al. (2012)). On average 69% of the 
annotated bovine genes are expressed in milk and 
approximately 9,000 genes showed ubiquitous expression 
regardless of the lactation stage. However, the milk 
transcriptome has genes devoted to specific functions 
unique to the lactation stage. Genes encoding caseins, whey 
proteins, enzymes in the lactose synthesis pathway and the 
ubiquitin-proteasome pathway showed higher expression in 
early lactation. The majority of genes in the fat metabolism 
pathway have high expression in transition and peak 
lactation milk. Most of the genes encoding for endogenous 
proteases and enzymes in ubiquitin-proteasome pathway 
showed higher expression along the course of lactation 
(Wickramasinghe et al. (2012)). Also, key glycosylation 
pathways have been studied at different stages of lactation 
in order to define differential patterns of expression and 
regulation, and to identify relevant SNP in the genes 
involved using RNA-Seq (Wickramasinghe et al. (2011)). 

 
RNA-Seq of SC, metabolic pathway analysis and 

association studies have provided a road map to identify 
genetic variation in functional target genes determining 
complex trait phenotypes in milk. A productive application 
of this approach has been the study of gene expression and 
SNP variation associated with citrate content in cow’s milk. 
Citrate is the main buffer system in milk and higher than 
normal citrate content is associated with poor-coagulation 
properties of milk. In order to identify the genes responsible 
for the variation of citrate content in milk in dairy cattle, the 
metabolic steps involved in citrate and fatty acid synthesis 
pathways were studied using RNA-Seq. Genetic markers 
that could influence milk citrate content in Holstein cows 
were used in a marker-trait association study to establish 
the relationship between 74 SNP in 20 candidate genes and 
citrate content in 250 Holstein cows. This analysis revealed 
6 SNP in key metabolic pathway genes significantly 
associated with increased milk citrate content, explaining 
10-13% of the phenotypic variation (Cánovas et al. (2013)). 

The opportunity to sample the milk transcriptome 
to examine properties of lactation using non-invasive 
sampling methods has extended this analysis to humans and 



Rhesus macaques using RNA-Seq (Barboza et al. (2012), 
Lemay et al. (2013), Khaldi et al. (2014)). The technique 
was validated in primates by extracting RNA from milk fat, 
somatic cells in milk, and mammary biopsies from Rhesus 
macaques, and it demonstrated the sensitivity of the RNA 
to degradation in relation to sample collection and 
processing time, and the value of using SC as a tissue of 
choice to minimize RNA degradation (Lemay et al. (2013)). 

 
In the present study we present new data 

examining the metatranscriptome of bovine milk to 
determine the composition and structure of bacterial 
populations affecting mastitis. RNA from milk fat globules 
(MFG) and milk somatic cells (SC) from healthy and 
mastitic cows was examined. A detailed protocol is 
provided on how to sample MFG and SC from milk to 
perform RNA-Seq. 

 
Materials and Methods 

 
Sample collection. Milk collection from cows was 

done at the UC Davis dairy facility following a protocol 
approved by the UC Davis Institutional Animal Care and Use 
Committee (IACUC). Milk samples were collected 3 hours 
after the morning milking to obtain the highest percentage of 
viable epithelial cells (Wickramasinghe et al. (2012)).  Using 
examination gloves, the cow’s teat was cleaned with a gauze 
damped in 70% isopropanol, and milk was collected by hand 
milking directly into sterile 50 ml Falcon tubes or using a 3-
cm plastic cannula (Genesis Industries Inc., Elmwood, WI) to 
collect samples from the inside of the teat canal. Milk was 
kept on ice until processing.  
 

Two experiments were performed to study the milk 
bacterial populations. Figure 1 shows the analytical workflow 
of the study. Experiment 1 (cannula vs hand milking): Milk 
was collected from 3 healthy cows using two collection 
methods, a 3-cm plastic cannula, followed by hand milking. 
Experiment 2 (healthy vs mastitic): Milk was collected using 
a plastic cannula from 4 cows having mastitis in one quarter, 
both a healthy and a mastitic quarter were sampled from each 
of these 4 cows. For both experiments RNA was extracted 
from SC and MFG as described below.  

 
 RNA extraction. Falcon tubes containing the 
collected cooled milk were centrifuged at 1000xg at 7°C for 
10 min.  After centrifugation, the upper thick layer of fat was 
collected using a 1 ml sterile pipette tip or a sterile spatula. 
The fat was then placed directly in 6 ml of Trizol LS 
(Invitrogen, Grand Island, NY) and vigorously shaken to 
emulsify the fat in the Trizol LS. RNA extraction was done 
following the manufacturer’s protocol. After the removal of 
fat, milk was decanted from the tube and the pelleted somatic 
cells were washed by re-suspending them in 10 ml of RNase-
free PBS at pH7.2, followed by centrifugation at 2000 rpm, at 
7°C for 10 min.  The supernatant was decanted and the milk 
pellet was lysed with 1 ml Trizol (Invitrogen, Grand Island, 
NY). At this point, RNA can be stored at -20°C or directly 
extracted following the manufacturer’s instructions. Extracted 
RNA was quantified by an ND-1000 Nanodrop 
Spectrophotometer (Thermo Scientific, Pittsburgh, PA) and 

the quality and integrity assessed with the Experion System 
for Automated Electrophoresis System (BioRad, Hercules, 
CA). 

Figure 1. Workflow of RNA-Seq analysis process from 
sample collection, to gene expression and bacterial 
identification. 
 
 Library construction and sequencing. Library 
preparation followed the TruSeq RNA Sample Preparation 
protocol (Illumina, San Diego, CA).  Messenger RNA was 
isolated, fragmented and first- and second- strand cDNA were 
synthesized followed by end repair and adapter ligation. The 
fragments were purified and sequenced using the Illumina 
Genome Analyzer (GAII) at the UC Davis Genome Center 
DNA Technologies Core Facility (Expt. 1) and the Illumina 
HiSeq 2000 at the Vincent J. Coates Genomics Sequencing 
Facility at UC Berkeley (Expt. 2).  
 
 RNA-Sequence analysis. Quality control analysis 
was performed using the NGS quality control tool of CLC 
Genomics workbench software (CLC Bio, Aarhus, Denmark). 
Sequence single reads were assembled against the annotated 
UMD3.1 bovine reference genome. Data were normalized by 
calculating the ‘reads per kilo base per million mapped reads’ 
(RPKM) for each gene (Mortazavi et al. (2008)). To select 
expressed genes, a threshold of RPKM ≥ 0.2 was used 



(Wickramasinghe et al. (2012)). Normalization and 
transformation data were performed using the PROC MIXED 
procedure of SAS (SAS Institute Inc., Cary, NC) to transform 
the expression data from negative binomial distribution to 
normal distribution. Large-gap mapping analysis was 
performed to identify those reads not mapping to the bovine 
genome. Then, de novo assembly analysis was performed 
from unmapped reads to generate contigs. Blast2GO software 
(Gotz et al. (2008)) was used for contig annotation and 
bacterial identification. 
 

Gene Ontology (GO) analysis was performed 
taking into account the three GO categories (biological 
process, molecular function and cellular component) using 
Blast2GO software. Bos taurus coding sequences of 
differential expressed genes were downloaded from the 
ENSEMBL biomart martview application. These sequences 
were annotated with blastx and the Blast2GO mapping and 
GO annotation routines. GO significance levels were 
computed following Fisher’s exact test for multiple testing 
in Blast2GO. Pathway analysis was performed using 
DAVID (Database for Annotation, Visualization and 
Integrated Discovery) bioinformatics tools (Huang et al. 
(2009)).  

 
Results and Discussion 

 
Metatranscriptomics of bovine milk was studied to 

determine composition and structure of bacterial 
populations and what types of bacteria colonize the 
mammary gland in healthy and mastitic milk. RNA-Seq 
was performed in SC and MFG from milk sampled with a 
plastic cannula from healthy and mastitic quarters from the 
same cow. Two experiments were performed, one to 
evaluate the sampling procedure (plastic cannula vs hand 
milking) and one to compare the bacterial populations in 
healthy versus mastitic milks. 
 

High RIN values (around 8.0) were consistently 
observed for total RNA from SC. The RNA from MFG 
contains low molecular weight fragments and a very low 
amount of ribosomal RNA (RIN=6.0). The low molecular 
weight RNA may be due to the presence of bacteria and 
also small RNAs that are abundant in this fat fraction 
(Munch et al. (2013)). Quality control analysis of the 
fragmented DNA was performed using the NGS quality 
control tool of CLC Genomics workbench software. All the 
samples from SC passed all the parameters (i.e., sequence-
read lengths and base-coverage, nucleotide contributions 
and base ambiguities, quality scores as emitted by the base 
caller and over-represented sequences) indicating a high-
quality. Also, MFG samples collected from healthy cows 
(Expt. 1: cannula vs hand milking) passed all the quality 
control analysis. However, samples from MFG (Expt. 2: 
healthy vs mastitis) showed abnormal % of GC content and 
non-equal nucleotide distribution indicating poor quality. 
Thus, 8 MFG samples from Healthy (n=4) and Mastitic 
(n=4) were not included in the analysis. 
 

An average of 18 million sequence reads was 
obtained for each individual sample; these were mapped to 

the annotated UMD3.1 bovine reference genome. In all the 
samples, 60-75% of the reads were categorized as mapped 
to the bovine reference sequence. RPKM values (Mortazavi 
et al. (2008)) were used to establish the total number of 
genes expressed in the MGT and SC transcriptomes. 
Approximately 90% of the total annotated genes in the 
UMD3.1 bovine genome assembly were expressed in the 
samples under study (24,616 genes out of a total of 27,368). 

Comparison between milk samples from Expt. 1 
collected with plastic cannulae and hand milking revealed 
that the presence of bacteria in milk is mainly due to 
external contamination. All the reads not mapping to the 
bovine genome were annotated with Blast2GO, MFG non-
mapped reads (32% hand milking, 20% cannula) and SC 
non-mapped reads (25% hand milking, 12% cannula).  No 
bacteria were identified in milks collected with cannula. In 
hand milking MFG the presence of 600+ different bacteria 
were identified, and in SC the non-mapped reads were 
mainly associated with E. coli. The bacterial difference 
found between SC and MFG samples can be explained by 
the fact that the membrane of MFG contains phospholipids, 
proteins and glycol-phospholipids that are known to have 
high affinity for the surface of bacterial cells (Brisson et al. 
(2010)). Therefore, the MFG provides a high affinity 
surface for bacterial attachment in the milk environment. 

In Expt. 2 (healthy vs mastitic) a total of 3,566 
genes were differentially expressed between Healthy (n=4) 
and Mastitic (n=4) milks in SC. Among them, 2,889 genes 
were over-expressed in healthy and 677 in mastitic milks. 
Pathway analysis indicated a variety of metabolic processes 
related to immunity, inflammation and infection as the most 
significant pathways in mastitic milks such as chemokine 
signaling pathway, cytokine receptor interaction and β-cell 
receptor signaling pathway. Whereas pathways associated 
with tissue development and function such as ECM-
receptor interaction, tight junction and adherent junction 
were among the most significant pathways in healthy milks. 
By analyzing all the SC reads not mapping to the bovine 
genome, we identified the presence of different kinds of 
bacteria in both healthy and mastitic milks. The prevalence 
of some bacteria vary depending on health status of the 
milk. Table 1 shows the number of reads associated to 
common beneficial and pathogenic bacteria present in 
bovine milk. Among them, Lactobacillus alimentarius and 
Butyrivibrio proteoclasticus bacteria were identified as 
beneficial bacteria and Acinetobacter baumannii, Bacillus 
cereus and Campylobacter as pathogenic bacteria. These 
results suggest the importance of the correct balance 
between beneficial and pathogenic bacteria. 
 

 

 

 

 

 



Table 1. Number of reads associated with common 
beneficial and pathogenic bacteria in cow milk 

  Bacteria *Reads  

Beneficial   
bacteria 

Akkermansia muciniphila 1,918 
Butyrivibrio proteoclasticus 14,227 

Desulfovibrio vulgaris 23,545 
Lactobacillus alimentarius 108 

Lactobacillus suebicus 26 
Ruminobacter 1,081 
Ruminococcus 4,465 

Roseburia intestinalis 2,678 

Pathogenic  
bacteria 

Acinetobacter baumannii 4,778 
Bacillus cereus 2,434 

Bacteroides fragilis 9,993 
Borrelia burgdorferi 5,322 

Campylobacter 734 
Peptostreptococcus anaerobius 1,599 

Psychrobacter 1,016 

Other  
bacteria 

Enterococcus faecalis 4,126 
Eubacterium rectale 3,823 

*Average of sequence reads obtained from each individual  
bovine sample. 

 
Conclusion 

 
Despite a growing molecular and histological understanding 
of the development and physiology of the mammary gland, 
little is known about the precise function of bacteria, how 
many different types of bacteria are present in the milk, or 
exactly where they are located. Using RNA-Seq, the 
metatranscriptome of milk was examined in MFG and SC 
from healthy and mastitic cows. For milk sample collection, 
it is important to use a sterile cannula to prevent external 
bacterial contaminations, and to collect samples from a 
mastitic and a healthy quarter of the same cow to make 
appropriate comparisons. Our findings showed the highest 
population of bacteria in milk was in MFG. The membrane 
of MFG contains phospholipids, proteins and 
glycophospholipids that have an affinity for the surface of 
bacterial cells. However, in mastitic milk it was not 
possible to obtain good quality RNA for RNA-Seq from 
MFG, likely due to a high bacterial concentration. The 
prevalence of some bacteria vary depending on health 
status.  
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