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Abstract

Background: Cow’s milk is a highly-nutritious dairy product that is widely consumed worldwide. It is
secreted by the developed mammary gland (MG) of dairy cattle. However, a comprehensive
understanding of cell-type diversity and cell function within bovine MG is lacking. In the current study, we
used single-cell RNA sequencing to investigate the transcriptome of 24,472 high-quality MG cells isolated
from newborn and adult cows.

Results: Unbiased clustering analysis revealed the existence of 24 cell types, which could be divided into
four categories: 9 immune, 3 epithelial, 9 fibroblast, and 3 endothelial cell types. Other cell subtypes were
further identified based on re-clustering and pseudotemporal reconstruction of epithelial cells that
included 3 mature luminal epithelial, 1 intermediate, and 2 progenitor cell subtypes. The individual top
marker genes of these 3 mature luminal epithelial cell subtypes (LO, L1, and L5) were APOA1, STC2, and
PTX3, which were further validated using immunofluorescence. Based on functional analysis, the LO, L1,
and L5 cell subtypes were all involved in the upregulation of lipid metabolism, protein and hormone
metabolism, and the immune response, respectively. Furthermore, we discovered a novel myofibroblast
that expresses COLTAT and CSN3, has visible epithelial-like characteristics, and shows the potential to
differentiate into luminal epithelial cells, especially immune-sensing luminal cells (L5).

Conclusions: We constructed the first single-cell atlas of the dairy cow MG, and our new findings of
epithelial-like myofibroblast cells and their differentiation trajectories into luminal cells may provide novel
insights into the development and lactogenesis in dairy cattle MGs.

Background

Milk products contain optimal nutrients (e.g., protein, fat, vitamin) and are a vital calcium source in the
human diet, especially for children and the elderly. Dairy cattle are important livestock animals since their
milk production amounts to 83% of the total dairy products supplied worldwide [1]. Holstein cows have
the highest productivity, producing 10-30 tons of milk/year depending on feed nutrition, individual
genetics, and management, and are the most widely raised dairy cattle breed, which can largely be
attributed to their well-developed mammary gland (MG). Therefore, it is of great significance to
investigate the molecular physiology and biological mechanisms of the MG in Holstein cows further to
enhance our understanding of the regulatory stages of lactation.

The remarkable dynamic changes of morphogenesis and function of the MG (especially in the
epithelium) across the reproductive cycle forms the basis of milk synthesis in the MG. Similar to the
developmental processes in mice and humans, there is a rudimentary ductal tree with fat pads at birth
that then extends by allometric growth during puberty and reaches full maturity later during pregnancy
[2]. Essentially to maintain high and continuous milk production, the MG in dairy cows shows a higher
epithelial turnover rate during lactation and incomplete involution in the cessation of lactation [3] to
maintain alveolar structure, unlike in mice and humans. Capuco et al. [4] reported that mature mammary
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epithelial cells from dairy cows were estimated to undergo a 50% increased turnover rate and established
a dynamic equilibrium with mesenchymal cells (e.g., immune cells, fibroblast cells, and adipose cells)
during the lactation period. During the incomplete involution that occurs during the “dry” period when
females do not produce milk, the number and function of epithelial cells are reduced through a powerful
apoptotic mechanism and enhanced through the transition from mesenchymal cells at a later stage [5].
Therefore, the number and diversity of mammary epithelial cells and their association with mesenchymal
cells are fundamental to understand the lactation mechanisms in dairy cows fully.

The molecular patterns (e.g., gene expression) of some mammary cell types have been described at the
population level in dairy cows [6-8]. However, little is known about the cell lineage specification in the
bovine MG, and a comprehensive understanding of the heterogeneity within the different bovine
mammary cell populations is lacking. Single-cell RNA Sequencing (scRNA-Seq) allows cellular
heterogeneity and functional profiles at the single-cell level to be examined [9]. In recent years, several
studies have gradually improved this powerful technique to explore the cell type/subtype profiles,
function and fate state of individual cells, communication paths, and developmental trajectories in
different cell subtypes in the MG of both mice [10-12] and humans [13, 14]. This approach revealed a
series of novel cell subsets, their marker genes, and interactions in the MG. However, to our knowledge, no
comparable data are available for dairy cows regarding the MG or other tissues. In addition, although the
studies in mouse and human provided essential insights into rare cellular states in MG development, the
studies were restricted to epithelial cells, overlooking that mesenchymal cells such as fibroblasts might
play an important role in the development of the MG [15]. Using scRNA-Seq to investigate the cell
landscape of the MG in dairy cows is an important step and will contribute to a comprehensive
understanding of MG development and lactation biology.

In the current study, we used unbiased scRNA-seq to generate a molecular census of cell types/subtypes,
function, and states within the MG from newborn and adult dairy cattle. The main objectives of our study
were to investigate the MG cell landscape of dairy cows and to reveal the relationships between epithelial
and mesenchymal cells.

Materials And Methods

Animal and experimental design

All experimental procedures in this study were approved by the Animal Care Committee of Zhejiang
University (Hangzhou, China) and conducted in accordance with the university’s guidelines for animal
research. The experimental design is presented in Fig. 1a. A healthy newborn calf (NB; age: 5-days old;
body weight: 35 kg) and a lactating adult cow (AD; age: 3-years old; body weight: 730 kg; milk yield: 18
kg/d) were selected.

MG cell sample collection
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Animals were euthanized by cervical dislocation using a sharp knife in previously anesthetized
individuals within a surgery room to obtain a ~10 g MG sample. Samples then were rinsed in DBPS,
transferred into MACS Tissue Storage Solution (NO. 130-100-008, Miltenyi Biotec, Germany), stored in a
37°C vacuum container, and quickly taken to the lab. The dissociation of the MG was done according to
published studies [10,11,16] with some modifications. In brief, the MG tissue samples were placed in a
sterile RNA-free cell culture dish with 1 x PBS (with 5% FBS) and were cut into 5 mm pieces. The tissues
were then washed using 1 x PBS (with 5% FBS) after removing non-targeted tissues such as white
adipose tissue. Subsequently, samples were gently placed in 20 mM EDTA (with 5% FBS) that had been
incubated at 37°C at 100 rpm for 20 min. After that, samples were digested with 25 U/ml hyaluronidase,
0.5 mg/mL Collagenase lf, 0.5 mg/mL Collagenase IV, 25 U/mI DNAse |, and 5% FBS in HBSS for 30 min
at 37°C. The mixture was strained through a 70—30 pm cell strainer and transferred into a new EP tube,
and centrifuged at around 25°C at 300 x g for 5 min. After removing the supernatant, the cells were
washed with 3 mL HBSS (with 5% FBS) and centrifuged at around 25°C at 300 g for 5 min. The Countess
Il Automated Cell Counter (AMQAX1000, Thermo Fisher, USA) was applied to measure cell number and
viability. The requirement for cell viability was greater than 90%. If the viability for isolated cells was lower
than the threshold, we used a MACS Dead Cell Remove Kit (NO. 130-090-101, Miltenyi Biotec, Germany) to
remove dead cells following the manufacturer's recommendations.

Cell capture, cDNA library construction, sequencing, and data pre-processing

The high-quality single-cell suspension was loaded in a 10 x Genomics Chromium machine for the cell
capture and cDNA library construction according to the Single-Cell 3' Protocol recommended by the
manufacturer. RNA-seq was performed by the NovaSeq 6000 system (2 x 150 bp). The raw reads were
demultiplexed and converted to the fastq format using Illumina bcl2fastq software (version 2.20). Cell
Ranger (version 3.1.0, https://support.10xgenomics.com/single-cell-gene-
expression/software/overview/welcome) was used for demultiplexing, barcode processing, and UMI
quantification. Seurat (version 3.1.1, https://satijalab.org/seurat/) was used for cell filtration, dimensional
reduction, clustering, differential gene expression analysis, and marker gene screening of scRNA-Seq
data. Overall, cells with 500~4,000 genes, UMI counts less than 50,000, and a mitochondrial gene ratio
smaller than 20% were retained for downstream analysis. Using the above pipeline, we obtained 24,472
high-quality single cells (12,432 in NB and 12,040 in AD) from the MG to generate a dairy cow single-cell
atlas.

Cell type clusters and marker genes identification

To identify the cell types, we further reduced the dimensionality of the variable genes in all high-quality
cells using Seurat (version 3.1.1) and the t-distributed stochastic neighbor embedding (T-SNE) algorithm
to project the variables into a two-dimensional space. Briefly, the "Normalization" function in the R
package Seurat was used to normalize the gene expression. Then the function “FindVariableGenes”
within the R package Seurat was applied to select variable genes. A principal component analysis was
performed by using the normalized gene expression value, and finally, Harmony analysis [17] was used to
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correct for batch effects. The “FindClusters” function was used to cluster cells with a resolution of 0.80,
and cells were visualized using the “RunTSNE" function within Seurat in R. In addition, differential
expression analyses for each cluster were performed with a likelihood-ratio test for single-cell gene
expression by using the default parameters via the “FindAlIMarkers” function again in Seurat. Cluster cell
identity was assigned by manual annotation while using known marker genes from already published
papers [10-14].

Diffusion maps and pseudotime inference

Diffusion maps were used for inferring the differentiation trajectory between the different cell types[18].
Briefly, all cells from the target clusters were selected, and the highly variable genes were detected. After
that, the log-transformed (log2(count + 1)) gene counts were used to compute diffusion components
using the ‘DiffusionMap’ function [19]. The Monocle2 package was applied to reconstruct cell fate
decisions and differentiation trajectories. This method uses a reverse embedded, graph-based user-
defined gene list to generate a pseudotime graph explaining both branches and the linear differentiation
process [20]. The BEAM function in the Monocle2 package was applied to process the cell dataset that
was reduced by DDRTree and classified by the calculated pseudotime before generating the branch
heatmap.

Weighted gene co-expression network analysis and Gene Ontology (GO) analysis

A total of 2,827 target genes were selected for weighted gene co-expression networks (WGCNA), which
were constructed by the WGCNA package in R (version 4.02) [21]. We set the MEDissThres as 0.25 to
merge similar modules, while a minimum module size was comprised of 10 genes. GO analysis of the list
of marker genes (supplementary file) per cluster was performed on functional annotation by using the
DAVID Bioinformatics Resources 6.8 tool (https://david.ncifcrf.gov/summary.jsp).

Ligand-receptor interaction and Pearson correlation analysis

To infer cell-cell communications from scRNA-Seq data, the SingleCellSignalR R package [22] was used
to analyze receptor-ligand interactions based on a database including 2,560 previously published ligand-
receptor pairs [23]. The iTALK R package was applied to visualize the results with an LRscore > 0.7.
Finally, Pearson correlation was performed using OmicStudio tools from https://www.omicstudio.cn/tool.

Immunofluorescence analysis

The 5 mm MG samples of both NB and AD were first fixed in 4% paraformaldehyde for 48 h at 4 °C, then
dehydrated by gradient concentrations of ethanol, cleared with xylene, and then embedded in melted
paraffin. The Leica SM2010 R Sliding Microtome (Leica Biosystems, Wetzlar, Germany) was used to
make 3-um tissue slide sections. Slides were incubated twice for 15-min in xylene to remove paraffin,
followed by two 5-min incubations in pure ethanol, and incubated in lower concentrations of ethanol to
dehydrate. Subsequently, the slides were washed with distilled water. Next, the slides were immersed in
EDTA antigen retrieval buffer (pH 8.0) and maintained at a sub-boiling temperature for 8 min, then rested
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for 8 min, and then finally re-exposed to sub-boiling temperatures for 7 min. Tissues were blocked with
3% BAS for 30 min at around 25°C, then incubated with primary antibodies (diluted with PBS
appropriately) overnight at 4°C, and washed three times with PBS (pH 7.4). Then the objective tissue was
covered with a secondary antibody and incubated at around 25°C for 50 min at dark conditions. Slides
were washed three times in PBS (pH 7.4) and then incubated with DAPI solution at around 25°C for 10
min in a dark place. After washing three times with PBS (pH 7.4), the slides were mounted with an anti-
fade mounting medium. For the evaluation of the staining (e.g., KRT18 and PTX3 staining), we selected
positive cells as a signal around the nuclei (DAPI) and captured them with a laser confocal scanning
microscope (IX81-FV1000, Olympus, Japan) in at least three different fields of view using a 40x objective
in two different samples.

The primary antibodies we used were anti-cytokeratin 18 (KRT18) mouse mAb diluted 1:100 (NO. M0407-
19; HUABIO, Wuhan, China); anti-Ptx3 rabbit pAb diluted 1:100 (NO. ER64704, HUABIO, Wuhan, China);
anti-STC2 rabbit pAb diluted 1:100 (NO. ER61963, HUABIO, Wuhan, China); anti-apolipoprotein A1
(APOAT) rabbit mAb diluted 1:100 (NO. ET1702-23, HUABIO, Wuhan, China); anti-collagen & (COL1A1)
rabbit mAb diluted 1:50 (NO. ET1609-68, HUABIO, Wuhan, China); and anti-CSN3 rabbit pAb diluted 1:50
(NO. ET7109-60, HUABIO, Wuhan, China).

As secondary antibodies, we used goat anti-mouse IgG conjugated with Alexa Fluor® 488 (ab150113,
Abcam, Cambridge, United Kingdom); goat anti-mouse IgG conjugated with Alexa Fluor® 555 (ab150114,
Abcam, Cambridge, United Kingdom); goat anti-rabbit IgG conjugated with Alexa Fluor® 555 (ab150078,
Abcam, Cambridge, United Kingdom); and goat anti-rabbit IgG conjugated with Alexa Fluor® 488
(ab150077, Abcam, Cambridge, United Kingdom). All the secondary antibodies were diluted 1:1000.

Results

Single-cell transcriptional landscape of MG in dairy cows

A total of 28,393 cells (13,463 in NB and 14,840 in AD) were captured and 24,472 high-quality cells
(12,432 in NB and 12,040 in AD) were analyzed after quality control (Fig. 1a). Twenty-four clusters were
identified based on the marker genes, with the composition of the cell lineages being very different
between NB and AD cows (Fig. 1b and c; Table S1). Based on the gene expression profiles, the 24 clusters
were categorized into four major groups as follows: immune cells (clusters 0, 1, 6, 8, 14, 15, 18, 21, and
23); epithelial cells (clusters 16, 18, and 20); fibroblast cells (clusters 2, 3, 5,7,9, 10, 11, 13, and 20); and
endothelial cells (clusters 4, 12, and 22) (Fig. 1d and e).

All immune cells were determined based on the high expression of PTPRC (Fig. 1e). We observed that the
immune cells consisted of CD8T, CD4T, NK, Mast, T, macrophages, neutrophils, B, and activated T cells
(Table S2). The cells from the MG epithelium were identified based on the high expression of EPCAM (Fig.
1e) and co-expression of KRT79, KRT8, KRT7, and KRT15 (Table S1). We observed clear differences in
gene expression profiles between these three epithelial cell types. Specifically, cluster 16 (C16) showed

patterns of luminal cells (high expression of KRT 79, LTF), basal cells (high expression of KRT5 and
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KRT15), and their progenitors (ELF5) at the same time (Table S1), indicating that C16 may represent a
mixed linage that contains several epithelial cell types. Cluster 17 (C17) was interpreted as mature
luminal cells based on the high expression of KRT8, KRT18, and AREG (Table S1). Cluster 19 (C19)
expressed not only the marker gene of progenitor cells ELF5 but also the genes associated with milk
protein synthesis, such as LTF, CSN2, CSN3, and LALBA (Table S1). Thus, C19 may represent an alveolar
luminal progenitor cell or even a mixed lineage. Fibroblast cells expressed genes encoding collagen and
extracellular matrix-related molecules, such as COL7A7, DPT, COL3A1, and DLKT (Fig. 1e). Endothelial
cells were identified due to the high expression of PECAM1, APOLD1, CLDN5, ECSCR, and EGFL 7 (Fig. 1d,

e).

Analyzing these major cell types, we found that the distribution of epithelial and fibroblast cells differed
significantly between NB and AD cows (Fig. 1f), which that epithelial cells were mainly observed in the
AD, fibroblast cells were mainly identified in the NB. Due to the diversity of epithelial and fibroblast cell
types, additional re-clustering was explored.

Reconstruction of mammary epithelium differentiation hierarchy

To better evaluate epithelial cells (C16, 17, and 19), additional re-clustering was performed, and six
independent sub-clusters were generated (LO-L5; Fig. 2a and b). All of the sub-clusters featured high
expression of the luminal epithelial cell marker genes KRT 78, KRT19, and KRT8 (Fig. 2c). Moreover, the
expression profiles of the top abundant genes were very similar between L2 and L3. Parts of the top
abundantly expressed genes were shared between L4 and LO/L1 (Fig. 2b). Both L2 and L3 were the
luminal alveolar progenitor cell subtypes because of the high expression of ELF5, CSN2, and CSN3 (Table
S3). L4 showed characteristics of both progenitor cells (ALDH7A3) and mature luminal cells (KRT 78,
KRT8, AREG;, Table S3); thus, it was considered an intermediate luminal cell subtype. The LO, L1, and L5
genes expressed the unique marker gene APOAT, STC2, and PTX3, respectively (Fig. 2c; Table S3).

To further investigate the characteristics of L0, L1, and L5 and understand how these observed cell
subtypes and states are related, the pseudotemporal analysis of single cells was performed using
Monocle2. We found one tightly connected differentiation trajectory that was separated into two main
branches, of which the start points of pseudotime were located within L2 and L3 cells (Fig. 2d). L0, L1,
and L5 were present at the end of the two branches (Fig. 2d), indicating these clusters are different
subtypes of mature luminal epithelial cells. Except for expressing the luminal cell marker gene KRT 79, the
LO subtype also expressed LTF, as well as KRT5 and KRT15 (marker genes of basal cells) (Table S3).
Therefore, the LO subtypes showed the properties of differentiated luminal cells. L1, located at the end of
the other branch of the epithelial differentiation hierarchy, showed the typical markers of mature luminal
cells such as KRT18, KRT8, AREG, and PRLR (Table S3). It was considered a mature luminal cell and was
defined as a secretory alveolar cell. L5 expressed PTX3, which responds to inflammatory stimuli in
epithelial cells and regulates the innate response to pathogens and inflammatory reactions. Thus, we
defined this subtype as an immune-sensing luminal cell. Additionally, the immunofluorescence analysis
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was used to validate the three subtypes at the protein level, to integrate the newly discovered cell
subtypes spatially, and to create the single-cell atlas of the cattle MG (Fig. 2e).

Characteristics and functions of epithelial cell subtypes

Next, we identified 682 genes with branch-specific expression patterns, as well as the key genes and
biological processes changing over pseudotime (Fig. 3a). Towards the L1 branch, we found three gene
clusters that increased in expression during differentiation. These clusters consisted of key genes that
were involved in the development of the MG alveolus and responded to amino acid, mineral, and hormone
synthesis (Fig. 3a, Table S4). Towards the L0 branch, one cluster of highly expressed genes was involved
in lipid function (e.g., isoprenoid, sterol, steroid, and cholesterol), biosynthetic processes, and regulation
of epithelial cell differentiation and proliferation (Fig. 3a, Table S4). We also observed one cluster of
genes that gradually decreased expression in both branches, which were involved in response to
progesterone and estradiol and the prolactin signaling pathway (Fig. 3a, Table S4).

Five other co-expressed gene modules were generated using WGCNA to evaluate the gene co-expression
patterns of L0, L1, and L5. There were 412, 209, 1682, 503, and 21 genes in the blue, brown, grey,
turquoise, and yellow modules, respectively (Fig. 3b, Table S5). We found that the turquoise, brown, and
yellow modules showed a highly positive correlation with the LO (R =0.81),L1 (R =0.88),and L5 (R =
0.44) subtypes, respectively (Fig. 3b). Next, we performed GO term enrichment analysis to explore the
biological processes of the genes in these three key modules (Fig. 3c). The results showed that genes
from the yellow module were involved in cytoskeleton organization and immune response. The genes
from the brown module were mainly associated with MG epithelial cell differentiation and alveolus
development, lactation, and protein, hormone, and mineral metabolism. Finally, the turquoise module
genes were mainly involved in epithelium development, epithelial cell differentiation, and the regulation of
lipid biosynthetic and metabolic processes, including sterol, steroid, cholesterol, and fatty acid
metabolism (Fig. 3c).

Reconstruction of fibroblast cell subtypes

To further reveal the subtypes of fibroblast cells, additional clustering was performed and 14 independent
sub-clusters were generated (FO-F13; Fig. 4a and b). Based on the marker gene expression profiles, we
defined FO, 3, 6, 7, and 10 as lipofibroblasts and F4 as the matrix fibroblast cell. F5, 8, 13 showed the
characteristics of myofibroblasts. However, the other five fibroblast cell subtypes could not be defined
(Table S6). Interestingly, we found that F13 showed strong characteristics of epithelial and progenitor
cells, which was reflected by the highly expressed marker genes such as EPCAM, KRT18, KRTS8, ELF5, and
CSN3 (Fig. 4c). Immunofluorescence staining confirmed the existence of F13 with its marker genes
COL1AT and CSN3 (Fig. 4d). In addition, F13 was mainly involved in cell differentiation; response to
estradiol, progesterone, and estrogen; cell migration; apoptosis; and growth according to the GO analysis
(Fig. 4e).

Investigation of luminal and fibroblast cell differentiation hierarchy
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For a comprehensive understanding of the relationships between fibroblasts and epithelial cells, a
diffusion map was used to computationally reconstruct differentiation stages and the transitions
between luminal epithelial and fibroblast cell subtypes. We found that the epithelium and fibroblasts were
not completely separated, and ~60% of F13 cells were clustered with epithelial cells (Fig. 5a). The F13
subtype showed a strong relationship with L1 (R = 0.871) and L5 (R = 0.928) based on Pearson
correlation (Fig. 5b). In addition, the epithelial cells (L1-L5) and fibroblasts (F12) interacted with F13
through the ligand-receptor COLTA1-ITGA2B, IGF2-IGF1R/INSR, HMGB1/THBS1-SDCT1, and RBP4-STRA6
(Fig. 5c).

Discussion

Defining cell heterogeneity in organs and tissues is critical to understanding its biology, development, and
function. However, the current state of knowledge in bovine MG biology is primarily restricted to the
population level and mainly focuses on epithelial cell types [6,8,24]. Comprehensive knowledge about
expression signatures and cellular identities of mammary cells, therefore, remains inadequate in cows.
Our scRNA-seq analysis of the MG from NB and lactating AD cows, to our knowledge, is the first study to
consider the unbiased, de novo identification of distinct cell types and states in the MG of cattle. Based
on the available bovine MG single-cell atlas, we discovered and verified three mature luminal epithelial
cell subtypes with different biological functions. Moreover, we validated a novel myofibroblast with the
marker genes COLIAT and CSN3 and revealed its differentiation potential into luminal epithelial cells.

Lactation is a complex biological process that involves many hormones and synthesizes nutrients such
as milk fat and protein [25]. Mammary epithelial cells are primarily responsible for the synthesis and
secretion of milk. In a scRNA-seq of mouse MG, alveolar differentiated cells, hormone sensing luminal
cells, and some progenitor cells were observed [10,14]. Similar results were obtained by us in the study of
cows, with the LO showing both luminal and basal characteristics and therefore being considered a
differentiated cell; L1 was identified as a secretory alveolar cell and marked by the estrogen-regulated
secreted glycoprotein STC2. Thus, we considered it a hormone sensing luminal cell type. The results of
pseudotemporal, WGCNA, and GO analysis of epithelial marker genes further supported our above
interpretation. In addition, both epithelial cell types (L0 and L1) showed significant differences in the
biological processes of lactation. LO was mainly involved in lipid metabolism, while L1 was more
sensitively responsive to milk protein synthesis. To date, the common textbook knowledge on dairy cows
states that all epithelial cells carry out the same function, such as milk fat and protein synthesis [25].
However, our new results suggest that different types of mammary epithelial cells indeed have different
effects on the synthesis of different milk constituents. Our data may be helpful for potentially successful
experimental manipulations and future targeted investigations on the synthesis and metabolic
mechanisms of milk fat or protein.

The mouse cell atlas on the MG was mapped using Microwell-seq in 2018, showing diverse immune cell
types in the MG [13]. Consistent with the mouse results, we identified many immune cell types in the
bovine MG, especially for AD cows. As a result of continuous lactation, the MG of AD cows is more
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susceptible to external stimuli and pathogens, easily leading to inflammatory diseases such as mastitis
[26]. It is suggested that abundant immune cells reside in the MG of AD cows as a self-defense
mechanism and would be beneficial to health and lactation in the bovine MG. Interestingly, we identified
and validated a luminal epithelial cell subtype (L5) featuring PTX3, which responds to inflammatory
stimuli in epithelial cells [27] and regulates the innate response to pathogens and inflammatory
reactions[28]. This immune-sensing luminal epithelial cell subtype has not been reported in the previous
scRNA-Seq studies of mouse or human MGs. Recently, Krausgruber et al. [29] reported that epithelial cells
were also involved in the immune response through analyzing the relationship between structural cells
(epithelial cells, endothelial cells, and stroma) and immune cells in 12 organs of mouse. They tentatively
proposed the term ‘structural immunity’ to emphasize the importance of structural cells for the
mammalian immune system. Therefore, our study provides a new perspective that different epithelial cell
subtypes may be involved in different primary functions, which not only relate to milk production but also
play essential roles in the immunity of the MG during lactation.

Capuco et al. reported that mature mammary epithelial cells were estimated to show a 50% turnover rate
during the lactation period in dairy cows [4], which largely contributes to continuous lactation over a long
period. Pal et al. [10] identified some luminal progenitors that can differentiate into mature luminal
epithelial cells in the mouse MG. Two luminal progenitors and one intermediate cell were identified in our
current study and might help explain the high turnover rate of lactating dairy cows. In addition, the
mesenchymal microenvironment surrounding epithelial cells also has a significant effect on
epithelialization [30]. For example, the mammary fibroblasts, which maintain extracellular matrix
homeostasis, are also involved in mammary morphogenesis when interacting with epithelium [31, 32].
The novel epithelial-like myofibroblast subtype F13 identified in this study was mainly involved in cell
differentiation and response to estradiol, progesterone, and estrogen. Progesterone and estradiol are
significant triggers of MG epithelial cell development [33]. The diffusion map results visually confirmed
the relationship between F13 and epithelial cells. Specifically, we further observed that F13 had the
strongest correlation with the immune-sensing luminal epithelial cell L5 that positively responded to
lactation and was involved in the immune response. Therefore, the combined information suggested that
F13 has the potential to differentiate into immune-sensing luminal epithelial cells. Thus, it might play an
important role in the remolding and health of bovine MG.

Cellular transition is regulated by many factors, such as other surrounding cells. We found that L1, L2, L3,
and L5 may promote the differentiation of F13 cells through a paracrine mechanism with the ligand
insulin growth factor 2 (IGF2) interacting with insulin growth factor receptor (IGF1R) or insulin receptor
(INSR). The IGF system comprises the two ligands IGF1 and IGF2, which target tyrosine kinase receptors,
including IGF1R and INSR, as well as the IGF2 receptor (IGF2R). These receptors play important roles in
regulating critical cellular processes such as cell proliferation, development, differentiation, and survival
[34]. Chen et al. reported that the IGF1R-related signaling activation of fibroblasts could induce cellular
stemness in humans [35]. In addition, Xu et al. reported that IGF2 secreted by cancer cells instigates
fibroblasts to promote cancer progression [36]. The above information indicates that the IGF system and
the activation of F13 may be involved in the differentiation of immune-sensing luminal epithelial cells
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and that the epithelial cell subtypes of L1, L2, L3, and L5 may enhance the process. However, the
underlying molecular mechanisms require further exploration.
Conclusions

In summary, our study is the first one to investigate the heterogeneity of bovine MG and to construct a
bovine MG cell atlas using scRNA-Seq. Our findings provide novel insights into the lactation biology of
bovine MG. We identified and validated three mature luminal epithelial cells that are involved in different
lactation processes as well as in the immune response. In addition, a novel myofibroblast showing
potential differentiation into luminal epithelial cells was identified. The IGF pathway system signal may
play an important role in the F13-L5 transition, and the hormone-sensing luminal cells (L1), luminal
progenitor cells (L2, L3), and immune-sensing luminal cells are correlated with the process. Nevertheless,
further studies are warranted to clarify the molecular mechanisms involved in these processes.

Abbreviations

AD, adult cow; GO, Gene Ontology; MG, mammary gland; NB, newborn cow; scRNA-Seq, Single-cell RNA
Sequencing; WGCNA, weighted gene co-expression networks.
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Figure 1

Single-cell atlas of dairy cow MG. (a) The scRNA-seq approach-based workflow of this study. The MG
samples from NB and AD were collected and dissociated into a single-cell suspension, which was then
subjected to cell capture, sequencing, and bioinformatics analyses using the 10 x chromium system. (b)
T-SNE plot map of cell type clustering from the MGs of NB and AD. The cell type clusters are highlighted
using different colors. (c) Heatmap displaying the scaled expression patterns of top marker genes of
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each cell type cluster; yellow represents high expression of a gene, and purple indicates low expression.
(d) The table of major cell types, their corresponding clusters, and marker genes. (e) T-SNE map of
different cell type clusters highlighted by the expression of marker genes. PTPRC: immune cells; EPCAM:
epithelial cells; COL1A1: fibroblasts; PECAM1: endothelial cells. (f) Percentage distribution of identified 24
clusters in AD and NB. BW, body weight; MY, milk yield; MG: mammary gland; AD: adult cow; NB: newborn

cow; scRNA-seq, single cell RNA sequencing; T-SNE, t-distributed stochastic neighbor embedding.
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Identification of epithelial cell subtypes. (a) T-SNE plot map of epithelial cell subtypes clustering of NB
and AD. (b) Heatmap displaying the scaled expression patterns of top marker genes of each cell subtype
cluster; yellow represents high expression of a gene, and purple represents low expression. (c) Violin plots
of epithelial marker genes KRT18, KRT19, and KRT8, the LO marker gene APOAT, L1 marker gene STC2,
and L5 marker gene PTX3. (d) The pseudotemporal trajectory of epithelial subtype cells from NB and AD.
Color shows different designated cell states. The color in a gradient from dark to light blue indicates the

pseudotime. (e) Immunofluorescence analysis of APOA1, STC2, and PTX3 protein expression (red) in
combination with luminal epithelial marker KRT18 (green) and DNA stain using DAPI (blue) within tissue
sections from AD mammary gland samples. AD, adult cow; NB, newborn cow; T-SNE, t-distributed

stochastic neighbor embedding.
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Figure 3

The characteristics of the pseudotime classification to identify genes associated with epithelial cell
differentiation. (a) Heatmap of all genes with the branch-specific, pseudotime-dependent expression for
the LO or the L1 and L5 subtypes, key genes of each branch-specific gene cluster, and the enriched
biological processes. (b) Heatmap of the correlation between co-expressed gene modules and different
epithelial subtypes. The turquoise, brown, and yellow modules were most significantly positively
correlated with the LO, L1, and L5 subtypes, respectively. (c) Gene ontology terms of member genes in the
turquoise, brown, and yellow modules.
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Figure 4

Identification of fibroblast cell subtypes and a novel epithelial-like fibroblast. (a) T-SNE plot map of
fibroblast cell subtypes clustering of NB and AD. (b) Heatmap displaying the scaled expression patterns
of top marker genes of each cell subtype cluster of fibroblast cells; yellow represents high expression of a
gene, and purple represents low expression. (c) Scatterplot of the epithelial cell marker genes expressed in
the fibroblast subtypes. (d) Immunofluorescence analysis of CSN3 protein expression (red) in
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combination with fibroblast marker COL1A1 (green) and DNA stain using DAPI (blue) within tissue
sections from the mammary gland samples of NB. (e) Gene ontology terms of marker genes in the novel
epithelial-like fibroblast (F13). AD, adult cow; NB, newborn cow.
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The association between fibroblast and luminal epithelial cells. (a) Diffusion map of epithelial and
fibroblast cells from the newborn and adult cows. (b) Heatmap of Pearson correlation between fibroblast
13 (F13) and epithelial cell subtypes (LO-L5). (c) Ligands from fibroblasts and epithelial subtypes cells
interact with the receptors of F13.
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