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The mammary gland is a highly regenerative organ that undergoes most of its 
development after birth (Inman et al. 2015). The cyclical phases of growth, differentiation, 
lactation and involution of the mammary gland are regulated by hormones and growth 
factors (Neville et al. 2002). A consequence of the complex function of the mammary 
gland and intense secretion of milk, which differs significantly among different species, 
is also the presence of somatic cells in milk. The main fractions of somatic cells in 
milk are epithelial cells, lymphocytes, polymorphonuclear neutrophils (PMN), and 
macrophages. The majority of exfoliated epithelial cells present in milk are viable and 
exhibit characteristics of fully differentiated alveolar cells (Boutinaud and Jammes 
2002). The somatic cell count (SCC) in milk, widely used as a marker for udder health, 
only provides the cumulative number of somatic cells in milk, whereas the differential 
somatic cell count (DSCC) allows differentiation between two groups of cells: PMN 
and lymphocytes versus macrophages (Wall et al. 2018) and represents therefore a 
significant step forward in understanding the dynamics of the somatic cell population in 
the mammary gland during lactation and at infection. In cattle and sheep, the epithelial 
cell fraction represents only a relatively small part of somatic cells in milk, whereas, in 
porcine and goat milk, as well as in human milk, epithelial cells are the predominant 
cell type in milk (Boutinaud and Jammes 2002). In different organs, adult stem cells 
are present with their primary role of maintaining tissue homeostasis (Biteau et al. 
2011). However, stem cells in the adult mammary gland serve both, development 
and homeostasis. Mammary stem cells (MaSCs) can self-renew and differentiate into 
different cell types during the mammary gland’s developing cycles (Visvader and Stingl 
2014). In 2006, mouse MaSCs were identified and isolated for the first time (Shackleton 
et al. 2006). Since then, plenty of strategies have been used to identify and characterize 
MaSC and to delineate the mammary epithelial hierarchy (Inman et al. 2015). 

Considerable efforts have been made to find a noninvasive way to obtain biological 
material for molecular analyses of mammary gland cells. The comparison of five 
different sources of RNA (biopsies of the mammary gland tissue, laser microdissected 
mammary epithelial cells, milk somatic cells, milk fat globules and antibody-captured 
milk mammary epithelial cells) for analysis of the bovine mammary gland transcriptome, 
showed that isolation of a total RNA directly from somatic cells released into milk 
during lactation, is an effective alternative to mammary gland tissue biopsies and laser 
microdissection of mammary tissue (Canovas et al. 2014). 

The organ-specific gene expression studies in the mammary gland were performed 
using expression microarrays a decade ago (Maningat et al. 2009) and allowed a 
comparative approach between species but were limited with the selection of genes 
on the chip. The next important step represented bulk RNA sequencing from mammary 
gland isolates (Medrano 2010). Sequencing of bulk RNA isolated from milk cells in 
three different lactation stages in Holstein cows revealed expression of more than 
19,000 genes as a cumulative number of genes expressed in different cell types 
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present in cow’s milk. Regardless of the lactation stage, approximately 9,000 genes 
showed ubiquitous expression, however, genes encoding lactoproteins and enzymes 
in the lactose synthesis pathway showed higher expression in early lactation and the 
majority of genes in the fat metabolism pathway had high expression in transition and 
peak lactation (Wickramasinghe et al. 2012). Several recent studies examined the 
distinct gene expression profiles of different mammary epithelial cell lineages at the 
single-cell level in human and mice (Cristea and Polyak 2018). In mouse, the analysis 
revealed 11 luminal and four basal clusters (Bach et al. 2017). The main advantage of 
single-cell RNA sequencing over the bulk mammary RNA sequencing is that single-cell 
RNA sequencing provides a reliable information about gene expression differences 
among different cell types and allows reliable assignment of transcripts to different 
cell types. The single-cell RNA sequencing opens a new horizon for documentation of 
cell type specific expression profiles in the mammary gland and even the possibility to 
determine different cell types based on cell type specific transcriptomic profile (Nguyen 
et al. 2018). In four studies a complete murine (Han et al. 2018; Schaum et al. 2018) 
and bovine (Becker et al. 2021; Zorc et al. 2024) mammary gland cell population was 
sequenced at the single-cell level, revealing a number of distinct cell types which 
exceeds the initially expected number. This approach also allows the identification of 
cellular sources for several milk components, which did not have defined origin before 
(Dallas et al. 2015). 

The amount of data in a typical single-cell sequencing experiment is much larger than 
in bulk RNA sequencing experiments. The increased amount of data represents a 
computational challenge and an opportunity to apply advanced approaches such as 
machine learning. Machine learning concepts are applied in computational pipelines 
for scRNA-seq data analyses (Hwang et al. 2018). From a mathematical point of 
view, identification of cell-populations in scRNA-Seq data is unsupervised clustering, 
a problem widely studied in the field of machine learning (Andrews and Hemberg 
2018). Dimension reduction is needed before clustering because scRNA-Seq data 
is high‑dimensional (~104 dimensions for mammalian samples) and suffers from the 
curse of dimensionality (Wagner et al. 2016). Methods used for dimension reduction 
are either Principal Component Analysis (PCA), t-distributed Stochastic Neighbour 
Embedding (tSNE) or diffusion maps (DM). 

Here we report the application of scRNA-seq to elucidate the cell type repertoire in 
bovine milk based on the transcriptomic differences among different cell clusters. Milk 
contains mammary epithelial cells and immune system cells (lymphocyte, macrophage, 
neutrophils), which reflect the activity of the mammary gland and illustrate the response 
of the mammary gland to environmental challenges. 

Milk samples were collected from two healthy Holstein cows (less than 50.000 SSC) in 
mid lactation. The cells were pelleted and washed in cold PBS. Single-cell library was 
generated using 10X Genomics technology and Chromium Single Cell 3’ Reagent Kit. 
Library samples were diluted to a concentration of 10 nM and loaded onto NovaSeq 
6000 (Illumina) instrument. Sample demultiplexing, barcode processing, read alignment 
to the bovine reference genome (ARS-UCD1.2.108), quantification and initial quality 
control of the paired-end sequencing data were performed for each sample using Cell 
Ranger software (version 7.1.0, 10X Genomics). Genes expressed in less than three 
cells were removed from the gene expression matrix. 

We applied “anchor-based” Seurat’s workflow (Stuart et al. 2018) to integrate two 
datasets. After filtering, we log-normalized the raw counts with LogNormalize and 
identified highly variable genes with FindVariableFeatures for each batch at default 
settings. We then ran FindIntegrationAnchors with dims = 1:30. The resulting anchors 
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were used for IntegrateData with the 30 dimensions. The most variable genes based on 
their expression in the entire population were determined using the FindVariableGenes 
function with default parameters (selection.method = ”vst”, nfeatures = 2000). Clusters 
were identified using the FindClusters function with a resolution of 0.8 and then 
visualized using the RunTSN and RunUMAP functions (reduction = “pca”). For fully 
automated cell-type identification we used ScType with ScType’s marker database 
(https://www.nature.com/articles/s41467-022-28803-w). 

A total of ~361M reads were obtained with 36,315 mean reads per cell for the first cow 
and ~257M reads with 17,459 mean reads per cell for the second. The efficiency of 
read mapping was between 94.1 and 96.6%. In total, 15,630 and 16,497 genes were 
identified. We performed an anchor-based integration analysis to explore all cells in 
both samples simultaneously. After UMAP reduction, a clear cell clustering highlighting 
22 distinct cell populations was obtained (Figure 1). 

The identified clusters can be grouped into two larger categories, including immune and 
epithelial cells. We identified classical and intermediate monocytes, naïve, effector and 
memory CD8+ T cells, naïve and effector CD4+ T cells, ISG expression immune cells, 
neutrophils, macrophages, mast cells, platelets, neutrophils, naïve B cells, progenitor 
cells, dendritic cells, luminal, ductal and alveolar cells. Identification of milk producing 
cells was based on expression of casein (CSN1S1, CSN1S2, CSN2, CSN3) and 
whey protein (PAEP, LALBA) genes. The cell cluster with significantly higher levels of 
caseins and whey proteins was annotated as alveolar cell cluster. The expression of 
casein (CSN1S1, CSN1S2, CSN2, CSN3), whey protein (PAEP, LALBA), MUC15 and 
BTNA1 genes allows identification of cell-type specific profiles indicating differences 
among bovine somatic milk cell clusters.

Results

Figure 1. Cell type clusters in bovine milk somatic cells. Cluster 20 (alveolar cells) represents 
a typical milk producing cluster.  
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Traditionally, somatic cells in the milk are expected to belong to myo/epithelial mammary 
gland cells, different types of immune cells (lymphocytes, neutrophils, macrophages) 
and stromal cells (Wickramasinghe et al. 2011). However, since precise markers for 
sub differentiation of cell types in the mammary gland are not present in all mammalian 
species (agricultural species are there not very well covered), the number of different 
cell types in the somatic cell fraction was normally underestimated. The analysis of bulk 
RNA transcripts from milk somatic cells revealed a very wide range of expressed genes 
and consequently indicated a wider range of cell-types in the milk somatic cell fraction. 
Single-cell sequencing of human and mouse mammary somatic cells revealed a much 
wider range of cell types, which are present in the milk (Nguyen et al. 2018; Schaum 
et al. 2018). Our single-cell RNA sequencing analysis of bovine milk has unveiled a 
cellular landscape of bovine milk somatic cells, highlighting a rich diversity of cell types 
pivotal for lactation, immune response and tissue homeostasis. Similar to the findings 
of Becker et al. (2021) (Becker et al. 2021), our study confirms the mammary gland’s 
complexity, revealing a broad array of immune and epithelial cells. 

A recent analysis of single-cell transcriptomes in mice has revealed important differences 
in gene expression between different cell types, which can significantly vary during the 
development of the mammary gland as well as in the course of lactation (Giraddi et 
al. 2018). The identification of a considerably higher number of cell-types in the milk 
somatic cell fraction compared to the traditional expectation opens a new horizon for 
more complex interpretation of the biological processes in the mammary gland.
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