
Single-cell transcriptomics reveals dynamic cellular remodeling of porcine 1 

mammary gland during pregnancy 2 

 3 

Si-Yu Yang1,*, Tian-Xiong Yao1,*, Lu-Sheng Huang1,* 4 

 5 

1National Key Laboratory for Swine Genetic Improvement and Germplasm Innovation, Ministry of 6 

Science and Technology of China, Jiangxi Agricultural University, Nanchang 330045, China 7 

*Corresponding authors: Si-Yu Yang (siyuyang1013@163.com); Tian-Xiong Yao 8 

(TianxiongYao@hotmail.com); Lu-Sheng Huang (lushenghuang@hotmail.com) 9 

  10 

mailto:lushenghuang@hotmail.com


ABSTRACT 11 

Pregnancy elicits extensive remodeling of the mammary gland to establish the alveolar 12 

network required for lactation, yet the cellular programs underlying this transition in 13 

pigs remain poorly resolved. Here, we generate a single-cell transcriptomic atlas of the 14 

porcine mammary gland across gilt, late pregnancy, and post-lactational stages. 15 

Differential expression analyses identify epithelial, fibroblast and endothelial 16 

compartments as the most dynamic during pregnancy, motivating higher-resolution 17 

analyses of these lineages. Epithelial trajectories toward alveolar fate exhibit induction 18 

of fibrillar collagen programs, including COL1A1, COL3A1 and COL5A1, implicating 19 

epithelial contributions to extracellular matrix assembly. Fibroblast analysis revealed a 20 

PGLYRP1⁺ fibroblast subtype enriched for the chemokines CCL4, CCL5 and CCL21, 21 

suggesting a role in immune cell recruitment. Endothelial cells undergo stage-specific 22 

metabolic reprogramming, with late pregnancy characterized by increased expression 23 

of glycolysis-associated genes, including IGF1, FLCN and P2RX7, as well as lipid 24 

metabolism-related genes such as RBP7, KITLG and CD36. Cross-species comparison 25 

reveals conserved cellular identities and key molecular features (ESR1, AR, FOXA1) 26 

across human, pig, and mouse mammary glands. Together, this atlas delineates the 27 

cellular logic underlying pregnancy-associated remodeling and serves as a resource for 28 

elucidating transcriptomic changes in the porcine mammary gland. 29 
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INTRODUCTION 34 

Mammary gland development during pregnancy is a tightly regulated physiological 35 

process that ensures adequate milk production to support neonatal survival and growth. 36 

In mammals, this process involves extensive tissue remodeling, including epithelial 37 

expansion, stromal reorganization, and vascular adaptation (Buchholz et al., 2024; 38 

Feigman et al., 2020; Twigger et al., 2022). While rodent models have provided 39 

valuable insights into the hormonal and cellular drivers of pregnancy-induced 40 

mammary changes, the temporal and molecular dynamics of this process in large 41 

mammals remain less well understood. The porcine mammary gland closely resembles 42 

the human counterpart in both structure and composition, comprising terminal ductal 43 

lobular units (TDLUs), glandular epithelium, connective tissue, and adipose stroma 44 

(Nagy et al., 2021; Trott et al., 2022). It has therefore emerged as a valuable model for 45 

studying human breast development and disease. In the context of pig reproduction, 46 

colostrum and milk constitute the exclusive source of neonatal nutrition (Zhang et al., 47 

2018), directly influencing key phenotypes such as immune maturation and early 48 

postnatal growth. As modern breeding practices have led to progressively larger litters, 49 

elucidating the cellular and molecular mechanisms underlying mammary gland 50 

function has become increasingly important for both biomedical and agricultural 51 

research. 52 

In both humans and pigs, the mammary gland undergoes profound structural and 53 

functional changes across distinct reproductive stages (Hadadi et al., 2022; Hurley, 54 

2019; Seachrist and Keri, 2019), including the gilt, late pregnancy, and post-lactational 55 

stages. During this progression, the mammary gland undergoes extensive remodeling, 56 

including proliferation, differentiation, and regression of epithelial cells (Gieniec and 57 

Davis, 2022), extracellular matrix remodeling mediated by fibroblasts through the 58 

deposition of type I, II, and V collagens (Tsutsui et al., 2020; Yamaguchi et al., 2024), 59 

and expansion of the vascular network to meet elevated energy demands that are tightly 60 

coordinated to support reproduction (Kutys et al., 2020). Rapid advances in single-cell 61 

technologies have enabled high-resolution delineation of transcriptional programs at 62 



single-cell resolution, and these approaches are now widely used to interrogate the 63 

molecular architecture of mammalian cells (Rao et al., 2023; Yang et al., 2023). 64 

Previous studies have profiled transcriptional shifts in specific cell types such as 65 

adipocytes across reproductive stages in pigs (Fan et al., 2023). However, the broader 66 

transcriptional programs and cell type-specific adaptations in the porcine mammary 67 

gland remain poorly characterized, particularly in relation to pregnancy-associated 68 

remodeling. Given the physiological similarities between pigs and humans in terms of 69 

mammary gland architecture and reproductive endocrinology, elucidating these 70 

dynamics in pigs holds both scientific and translational value. 71 

Here, we present a single-cell transcriptomic atlas of the porcine mammary gland 72 

across the gilt, late pregnancy and post-lactational stages. Across 14 major cell types in 73 

seven pigs, we identify pronounced remodeling of epithelial, fibroblast and endothelial 74 

compartments during late pregnancy. Building on this extensive remodeling, we further 75 

performed subtype-level analyses within these three lineages. Alveolar epithelial cells 76 

upregulated type I, III and V collagen synthesis genes involved in extracellular matrix 77 

remodeling in late pregnancy. A fibroblast subtype enriched for chemokine expression 78 

was predominantly detected in multiparous glands. Endothelial subtypes exhibited 79 

stage-specific metabolic reprogramming, with late pregnancy states showing enhanced 80 

vascular energy metabolism. Cross-species comparison revealed conserved mammary 81 

gland cell identities and transcriptional features across humans, pigs and mice, 82 

supporting the use of pigs as a physiologically relevant complementary model for 83 

human mammary gland biology and disease. 84 

85 



MATERIALS AND METHODS 86 

Pig mammary gland tissue collection 87 

Mammary gland tissues were collected from Large White pigs (Sus scrofa domesticus) 88 

across three reproductive stages. For each stage, biological replicates were obtained 89 

from different individuals. Specifically, samples were collected from gilts (days 241–90 

243; n=3), late-pregnant sows (gestational day 110; days 485 and 488; n=2), and post-91 

lactational sows (day 632; n=2). Animals were euthanized with isoflurane, in 92 

accordance with protocols approved by the Animal Ethics Committee of Jiangxi 93 

Agricultural University (JXAULL-2021-37). To minimize anatomical variation, tissue 94 

samples were excised from the mammary gland located near the sixth and seventh ribs. 95 

Fresh tissues were either enzymatically dissociated for single-cell transcriptomic 96 

analysis and fixed in 4% paraformaldehyde for histological evaluation. 97 

 98 

Preparation of single-cell suspensions from mammary gland tissue 99 

Fresh mammary gland tissues (~200 mg per sample) were finely minced on ice and 100 

transferred into digestion medium consisting of Dulbecco’s Modified Eagle Medium 101 

(DMEM) supplemented with 100 mg/mL collagenase type II, 100 mg/mL collagenase 102 

type III, 1 mg/mL DNase I, 15uL 1mM CaCl2 and 2% fetal bovine serum (FBS). 103 

Samples were incubated at 37°C for 40 min in a shaking water bath to ensure uniform 104 

enzymatic dissociation. During digestion, the tissue suspensions were gently agitated 105 

every 10 minutes to facilitate mechanical disruption. Enzymatic activity was quenched 106 

by adding an equal volume of ice-cold DMEM containing 10% FBS, followed by 107 

immediate transfer to ice. The digested material was filtered sequentially through 70-108 

μm and 40-μm strainers to remove undigested fragments and large debris. The cell 109 

pellet was resuspended in 1 mL of red blood cell lysis buffer (BD Biosciences) and 110 

incubated for 5 min at room temperature to remove residual erythrocytes. The resulting 111 

single-cell suspensions were centrifuged and washed twice with Phosphate-buffered 112 

saline (PBS) containing 0.04% bovine serum albumin (BSA) to remove residual 113 



enzymes. Cell viability was evaluated using the Cellometer Auto 2 000 Cell Viability 114 

Counter, and only cell suspensions with >85% viable cells were processed for scRNA-115 

seq. 116 

 117 

Single-cell library preparation and sequencing 118 

Single-cell suspensions were prepared at a concentration of 2×10⁵ cells/mL in PBS, 119 

with a target recovery of approximately 8 000 cells per sample. Cells were applied to 120 

microwells using the Singleron Matrix® Single Cell Processing System. Barcoding 121 

beads captured the mRNA from individual cells, which was subsequently reverse-122 

transcribed to generate cDNA and amplified by PCR. The resulting cDNA was 123 

fragmented and ligated with sequencing adapters to construct libraries. Libraries for 124 

scRNA-seq were constructed using the GEXSCOPE single-cell RNA-seq library 125 

preparation kit (Singleron Biotechnologies) according to the manufacturer’s protocol. 126 

Sequencing was performed on the Illumina NovaSeq 6 000 platform (USA) in paired-127 

end 150 bp (PE150) mode, yielding a minimum of 20 000 reads per cell to ensure 128 

sufficient transcriptome coverage and data quality. 129 

 130 

Preprocessing and quality control of single-cell RNA-seq data 131 

Raw sequencing reads were aligned to the Sus scrofa 11.1 reference genome using the 132 

CeleScope pipeline (v.2.4.0), with gene annotations from Ensembl release 113. Initial 133 

quality control was performed using Scanpy (v.1.9.2; https://scanpy.readthedocs.io/) 134 

(Wolf et al., 2018), retaining cells with 400–5 000 detected genes, fewer than 30 000 135 

unique molecular identifiers (UMIs), and mitochondrial gene content below 15%. 136 

Putative doublets were identified and removed using Scrublet (v.0.2.3; 137 

https://github.com/AllonKleinLab/scrublet) (Wolock et al., 2019) with a doublet score 138 

threshold of <0.25. Gene expression matrices were normalized using 139 

sc.pp.normalize_total function, followed by log transformation and identification of the 140 

top 2 000 highly variable genes. Principal component analysis (PCA) was then 141 

performed for dimensionality reduction. Batch effects across samples were corrected 142 

https://scanpy.readthedocs.io/


using BBKNN (v.1.6.0; https://github.com/Teichlab/BBKNN) (Polański et al., 2020) 143 

within Scanpy, enabling integration of all cells for downstream clustering and subtype-144 

level analyses. 145 

 146 

Computation of gene specificity scores (τ) across cell types 147 

To quantify cell type-specific gene expression, the gene specificity score (τ) was 148 

calculated across the 14 major cell types and individual subtypes identified in 149 

downstream analyses. As previously described (Yang et al., 2025; Yao et al., 2025), the 150 

score was computed using the following formula (Yanai et al., 2005): 151 

 𝜏𝜏 =
∑ (1 − 𝑥𝑥�𝑖𝑖)𝑖𝑖=1

n − 1
 (1) 

 𝑥𝑥�𝑖𝑖 =
𝑥𝑥𝑖𝑖

max(𝑥𝑥𝑖𝑖)
 (2) 

where 𝑥𝑥�𝑖𝑖 denotes the average normalized expression of the gene in cell type i, and n 152 

is the total number of cell types. Higher τ values indicate stronger cell type specificity. 153 

 154 

GO enrichment and pathway visualization 155 

Gene Ontology (GO) enrichment analysis was performed using the ClueGO plugin 156 

(v.2.5.9; https://apps.cytoscape.org/apps/cluego) (Bindea et al., 2009) within Cytoscape 157 

(v.3.10.0; https://cytoscape.org/) (Shannon et al., 2003), based on cell type-specific 158 

highly expressed genes. Statistical significance was assessed using the Benjamini-159 

Hochberg correction, and pathways with an adjusted P < 0.05 were retained. Enriched 160 

GO terms were visualized using the ComplexHeatmap package (v.2.16.0; 161 

https://bioconductor.org/packages/ComplexHeatmap/) (Gu et al., 2016) in R (v.4.3.0). 162 

 163 

Differential gene expression analysis 164 

Differentially expressed genes (DEGs) were identified using the Wilcoxon rank-sum 165 

test implemented in Scanpy. Comparisons were performed between late-pregnancy and 166 

gilt stages, as well as between late-pregnancy and post-lactational stages. Genes with 167 

an adjusted P < 0.05 and log₂ fold change >1 were defined as upregulated in late 168 

pregnancy, whereas those with an adjusted P < 0.05 and log2 fold change <−1 were 169 

https://cytoscape.org/


considered downregulated. The intersection of genes upregulated in both comparisons 170 

defined a gene set associated with late pregnancy, representing transcripts transiently 171 

elevated in late pregnancy and downregulated in the post-lactational stage. Similarly, 172 

genes downregulated in both comparisons were defined as transiently suppressed in late 173 

pregnancy and restored in the post-lactational stage. 174 

 175 

Pseudotime trajectory analysis 176 

Pseudotime trajectory analysis was performed using the Monocle3 (v.1.0.0; 177 

https://cole-trapnell-lab.github.io/monocle3/) (Qiu et al., 2017) package in R to 178 

reconstruct the transcriptional continuum from luminal progenitor cells to alveolar cells. 179 

Cells were ordered along the inferred trajectory using the learn_graph and order_cells 180 

functions, with luminal progenitor cells specified as the root node. To identify genes 181 

dynamically regulated along pseudotime, graph-autocorrelation statistics were 182 

calculated using the graph_test function, and genes with a Q value <0.01 were retained. 183 

Smoothing splines were fitted to the expression profiles of significant genes to capture 184 

transcriptional dynamics across the trajectory. The top 10 000 pseudotime-associated 185 

genes were visualized using the ComplexHeatmap package (v.2.16.0) in R (v.4.3.0). 186 

 187 

Cross-species comparative analysis 188 

Cross-species comparative analyses were performed to assess transcriptomic 189 

conservation among human, porcine, and murine mammary glands. Publicly available 190 

scRNA-seq datasets for human and mouse mammary glands were retrieved (Bhat-191 

Nakshatri et al., 2024; Li et al., 2020). To control for differences in cellular composition 192 

and sampling depth, cells were first subsampled based on matched cell identities, with 193 

1 000 cells randomly selected per cell type from each species. Genes were then 194 

restricted to one-to-one orthologs shared across the three species to ensure cross-species 195 

comparability. Data normalization and feature selection were performed using the 196 

Seurat R package (v4.0.5; https://satijalab.org/seurat/). Each dataset was independently 197 

normalized using the NormalizeData function, after which the top 3 000 highly variable 198 



genes were identified using FindVariableFeatures function. Cross-species integration 199 

anchors were subsequently determined with FindIntegrationAnchors function, and the 200 

datasets were integrated using IntegrateData function to enable systematic 201 

transcriptome-level comparisons across corresponding cell populations. 202 

 203 

Cross-species conservation analysis 204 

As previously described (Xiao et al., 2025), AUROC scores were computed using the 205 

MetaNeighbor (v.1.20.0) (Crow et al., 2018) package to quantify transcriptomic 206 

similarity across species. Cell type-specific genes were defined per species (τ>0.85; 207 

detected in >5% of cells). Conserved cell type-specific genes were obtained by 208 

intersecting the three species-specific gene sets for each corresponding cell type. 209 

 210 

Cross-species transcriptomic correlation analysis 211 

Highly variable genes were identified for each species using the Seurat function 212 

FindVariableFeatures (selection.method="vst", nfeatures=6 000). These 6 000 variable 213 

genes from each dataset were retained, and the intersection across the three species was 214 

extracted to construct comparable gene expression matrices. Pairwise transcriptomic 215 

similarity between species was then quantified using Spearman’s correlation with false 216 

discovery rate (FDR) adjustment, as implemented in the corr.test function of the psych 217 

R package (v. 4.3.3). 218 

 219 

Histological staining of mammary gland tissue 220 

Mammary gland tissues from all seven individuals across the gilt, late-pregnancy, and 221 

post-lactational stages were subjected to haematoxylin and eosin (H&E) staining. Fresh 222 

samples were fixed in 4% paraformaldehyde at 4 °C for 24 hours, dehydrated through 223 

a graded ethanol series, cleared in xylene, and embedded in paraffin. Sections were cut 224 

at a thickness of 5 μm, mounted on glass slides, and stained with H&E using standard 225 

protocols. Whole-slide images were acquired using the Slideview scanning system 226 

(OLYMPUS) and visualized for histomorphological assessment across developmental 227 



stages. 228 

 229 

Multiplex immunofluorescence (MIF) 230 

To validate the presence of alveolar epithelial cells expressing collagen genes and 231 

fibroblasts expressing chemokines, multiplex immunofluorescence was performed on 232 

formalin-fixed paraffin-embedded (FFPE) mammary gland tissue sections. Sections 233 

were deparaffinized in xylene, rehydrated through graded ethanol, and subjected to 234 

antigen retrieval by boiling in Tris-EDTA buffer (95 °C). Endogenous peroxidase 235 

activity was quenched by incubation in 3% hydrogen peroxide for 10 min. Sequential 236 

rounds of primary and secondary antibody incubation were performed, with each 237 

immunofluorescent signal amplified using the Think Color Fluorescent mIHC Kit and 238 

a fluorophore-conjugated tyramide signal amplification (TSA) system (Free-Thinking 239 

Biosciences). Between rounds, epitope retrieval and protein blocking were repeated to 240 

enable multiplex labeling. Nuclei were counterstained with 4’,6-diamidino-2-241 

phenylindole (DAPI). Slides were scanned using a Digital Slice Scanner (3DHISTECH, 242 

Hungary) and analyzed with Slide Viewer software (3DHISTECH, Hungary). Primary 243 

antibodies and corresponding catalog number, host species, clone number, and dilution 244 

ratios are listed in Supplementary Table S1. 245 

  246 



RESULTS 247 

Dynamic single-cell transcriptomic landscape of the mammary gland during 248 

pregnancy 249 

Mammary gland samples were collected from sows at three physiological stages: gilt, 250 

late pregnancy, and post-lactational (Figure 1A; Supplementary Table S2). This 251 

comparative design enables the investigation of this complex and dynamic process of 252 

the mammary gland remodeling during pregnancy, as it is not possible to obtain healthy 253 

human mammary gland samples. Histological analysis via H&E staining revealed 254 

distinct morphological changes across stages (Figure 1B–D). Mammary glands from 255 

gilts exhibited well-defined ductal networks, with terminal end buds (TEBs) forming 256 

proliferative, club-shaped structures embedded in adipose and stromal tissue (Figure 257 

1B). By late pregnancy, alveolar maturation was nearly complete, evidenced by luminal 258 

milk accumulation (Figure 1C). In post-lactational stage, the lobuloalveolar structures 259 

regressing and the extracellular matrix remodeling (Figure 1D). 260 

Subsequently, we performed scRNA-seq on the same seven samples. After quality 261 

control, we obtained a total of 58 940 high-quality cells, with an average of 1 058 genes 262 

detected per cell, reflecting robust transcriptome coverage suitable for comprehensive 263 

downstream analyses. Clustering analysis using the Leiden algorithm (Traag et al., 2019) 264 

identified 36 clusters (Supplementary Figure S1A), which were annotated according to 265 

canonical marker gene expression and named following the latest nomenclature 266 

standards (Gray et al., 2025) . In total, we defined 14 major cell types (Figure 1E, F; 267 

Supplementary Figure S1B; Supplementary Table S3). These included three epithelial 268 

subtypes, luminal adaptive secretory precursors (LASP), luminal hormone-sensing 269 

(LHS) cells, and basal-myoepithelial (B-Myo) cells. We also identified four lymphoid 270 

lineages, including T cells, natural killer (NK) cells, B cells, and plasma cells (PC), as 271 

well as two myeloid lineages, macrophages (Macro) and neutrophils (Neu). In addition, 272 

five vascular-associated populations were characterized, including fibroblasts (Fibro), 273 

pericytes (Peric), smooth muscle cells (SMC), vascular endothelial cells (VEC), and 274 

lymphatic endothelial cells (LEC). To assess the accuracy of our annotation, we 275 



compared the identified cell types with reference human mammary gland datasets 276 

(Bhat-Nakshatri et al., 2024; Gray et al., 2022). The annotated cell populations 277 

exhibited high concordance with their human counterparts (Supplementary Figure S1C, 278 

D), confirming the robustness of our classification. Consistent with histological 279 

observations, LASP were predominantly derived from late-pregnancy samples (Figure 280 

1G; Supplementary Figure S1E, F), whereas LHS were mainly enriched in the gilt and 281 

post-lactational stages. B-Myo cells were most abundant in the gilt stage, suggesting 282 

their critical role in early ductal morphogenesis and structural maintenance. 283 

Additionally, we calculated cell-type specificity τ scores and identified 2 474 genes 284 

with cell type-specific expression across the major cell populations (Figure 1H). Many 285 

of these genes corresponded to canonical cell-type markers. For example, the LASP 286 

highly expressed the milk protein genes CSN3, CSN2, and CSN1S1 (Figure 1H), which 287 

constitute the principal components of milk, indicating that the mammary epithelium 288 

had entered a secretory maturation phase. More than half of the identified genes have 289 

not been widely reported, providing a valuable resource for future studies. For instance, 290 

PGLYRP1, specifically enriched in LASP cells (Figure 1H), encodes a peptidoglycan 291 

recognition protein previously implicated in antibacterial defense of the mammary 292 

gland by sensing bacterial components and activating innate immune responses (Yao et 293 

al., 2013). In B-Myo cells, in addition to the classical marker KRT5, we found specific 294 

expression of OXTR (Figure 1H), which encodes the oxytocin receptor that mediates 295 

myoepithelial contraction in response to oxytocin, facilitating milk ejection during 296 

lactation (Hawley et al., 2018). Furthermore, GO enrichment of cell type-specific genes 297 

revealed functions aligned with the expected biological roles of each cell type. LASP-298 

specific genes were enriched for lactation processes, whereas LHS-specific genes were 299 

associated with hormone regulation (Supplementary Figure S1G). Together, these 300 

findings establish a robust catalogue of cell type-specific genes that not only validates 301 

our annotations but also highlights previously unrecognized markers with functional 302 

relevance to mammary gland biology.  303 



Dynamic changes in gene expression and pathways during pregnancy 304 

To characterize gene expression dynamics in the mammary gland during pregnancy, we 305 

performed differential expression analyses within each main cell type, comparing late 306 

pregnancy to both gilt (LP vs GLT) and post-lactational (LP vs PL) stages. These 307 

analyses revealed that the number of DEGs significantly downregulated during 308 

pregnancy substantially exceeded those upregulated (Figure 2A; Supplementary Table 309 

S4). Among these cell types, LHS, Fibro and LASP exhibited the highest number of 310 

genes upregulated in late pregnancy, whereas LASP, VEC and Fibro showed the 311 

greatest number of downregulated genes (Figure 2A). These findings highlight the 312 

critical roles of epithelial, endothelial and fibroblast populations in the mammary gland 313 

remodeling associated with pregnancy. 314 

We identified a subset of genes displaying reversible expression patterns by 315 

intersecting DEGs across LP vs GLT and LP vs PL comparisons in each cell type. These 316 

included genes upregulated in late pregnancy that returned to baseline at the post-317 

lactational stage, and genes downregulated in late pregnancy that were subsequently 318 

restored (Figure 2B). Such temporally regulated genes may contribute to the 319 

physiological adaptations specific to the late pregnancy stage. This analysis identified 320 

1 686 genes upregulated and 2 429 genes downregulated in late pregnancy, including 321 

671 upregulated and 1 097 downregulated genes shared across multiple cell types 322 

(Figure 2B). Among the genes upregulated across multiple cell types were canonical 323 

milk proteins (CSN3, CSN2, CSN1S1), extracellular matrix components (COL4A1, 324 

MGP, POSTN, SCRG1), immune-related secreted proteins (PGLYRP1, JCHAIN, 325 

MGST1), and cell fate regulators (FOXP2, GFRA1) (Figure 2C), reflecting preparatory 326 

changes for lactation and extensive tissue remodeling. Conversely, genes 327 

downregulated across cell types included inflammatory-response proteins (LYZ, 328 

CXCL14, BCL2A1, SPP1, CTSZ, CTSD) and stress-adaptive metabolic proteins 329 

(SQSTM1, GPX1, APOE, ADIRF). Notably, the concurrent upregulation of 330 

antimicrobial defense genes (PGLYRP1, JCHAIN, MGST1) and suppression of 331 

inflammatory mediators (LYZ, CXCL14, SPP1, BCL2A1, CTSZ, CTSD) suggest a 332 

transcriptional reprogramming of the mammary immune environment during late 333 



pregnancy, reflecting a transition from an inflammation-driven remodeling phase to a 334 

tolerant yet protective state that preserves alveolar integrity while establishing 335 

antimicrobial readiness before lactation. 336 

To further explore the functional implications of pregnancy-associated 337 

transcriptional changes, we conducted GO enrichment analysis of genes upregulated 338 

and downregulated in late pregnancy across each cell types. This analysis revealed cell 339 

type-shared biological pathways, with genes upregulated in late pregnancy enriched for 340 

lactation, collagen fibril organization, oxidative phosphorylation, indicating that the 341 

mammary gland undergoes coordinated metabolic activation and extracellular matrix 342 

remodeling to support milk production (Figure 2D). Beyond these conserved responses, 343 

distinct cell type-specific signatures were also identified. In particular, fibroblasts 344 

showed selective activation of the antibacterial humoral response pathway (Figure 2D), 345 

indicating that the mammary stroma acquires heightened antimicrobial capacity during 346 

late pregnancy. However, genes downregulated in Fibro, T cells, NK cells, Neu, B cell, 347 

PC, and LEC in late pregnancy were commonly enriched in the antigen processing and 348 

presentation of peptide antigen pathway (Figure 2E), indicating a shift toward reduced 349 

antigen presentation, and enhanced immune tolerance within the mammary 350 

microenvironment. 351 

  352 



Transcriptional dynamics of alveolar differentiation reveal coordinated 353 

extracellular matrix remodeling 354 

Significant transcriptional changes were observed in mammary epithelial cells during 355 

pregnancy (Feigman et al., 2020). To investigate the molecular transitions associated 356 

with these stages, we analyzed 9 631 epithelial cells consisting of LASP and LHS. This 357 

analysis identified six transcriptionally distinct epithelial subtypes (Figure 3A). Among 358 

these, alveolar cells (ALV), predominantly derived from late-pregnant sows, were 359 

characterized by upregulation expression of milk biosynthesis-related genes such as 360 

MFGE8, CSN3, ELF5, and LTF (Figure 3B). A similar gene expression signature was 361 

observed in pre-alveolar luminal progenitors (pre-ALV), primarily originating from gilt 362 

and post-lactational stages (Figure 3C). We further identified luminal hormone-sensing-363 

like cells (LHS-like), characterized by high expression of secretory proteins such as 364 

SCGB1D1, CRISP3, and CHIA, and hormone-sensing luminal cells (LHS), enriched for 365 

estrogen receptor ESR1. In addition, two progenitor-like subpopulations were 366 

delineated: progenitor-like luminal epithelial cells (LPC-like), marked by elevated 367 

expression of progenitor-like luminal epithelial markers, including EGFR, TCF7L2, 368 

and KIT; and luminal progenitor cells (LPC), defined by high expression levels of 369 

canonical luminal progenitor markers such as KIT, ALDH1A3, and CD14. 370 

Six transcriptionally distinct epithelial subtypes exhibited diverse functional 371 

specializations. ALV showed enrichment for genes involved in acyl-CoA metabolism, 372 

amino acid response, and collagen fibril organization (Supplementary Figure S2A), 373 

consistent with their established roles in milk biosynthesis and extracellular matrix 374 

remodeling in late pregnancy. Pre-ALV upregulated genes associated with cytoplasmic 375 

translation and intrinsic apoptotic signaling pathways (Supplementary Figure S2A), 376 

suggesting a transitional state poised between proliferative expansion and lineage 377 

specification. LHS were enriched for transcripts linked to mammary gland development 378 

and estrogen receptor signaling (Supplementary Figure S2A), reflecting their role in 379 

mediating endocrine cues. The two progenitor-like populations exhibited distinct 380 

signaling profiles. LPC-like cells showed elevated expression of genes related to 381 

phosphatase regulatory activity and proteoglycan metabolism (Supplementary Figure 382 



S2A). In contrast, LPC were enriched for genes involved in inflammatory and tissue-383 

repair programs (Figure 3D, E; Supplementary Figure S2A), including response to 384 

wounding (CCL2, IL34, KLF5, THBS1), macrophage chemotaxis (ANXA1, CD34, 385 

MYLK, SERPINE2, THBS1, TNFRSF12A) and TGF-β signaling (CD200, CD34, 386 

THBS1) (Figure 3E), suggesting a potential role in epithelial regeneration and immune 387 

modulation. 388 

To investigate the transcriptional dynamics that underlie the regenerative capacity of 389 

luminal progenitor cells and their differentiation toward alveolar epithelial fate, we 390 

performed pseudotime trajectory analysis using Monocle3 on LPC, pre-ALV, and ALV 391 

to reconstruct the LPC-to-ALV axis (Figure 3F). This analysis revealed 11 444 genes 392 

(Q<0.01) associated with this transition (Supplementary Table S5), encompassing 1 487 393 

transcription factors, 578 secreted proteins, and 430 membrane-associated proteins 394 

(Supplementary Table S6). These genes were organized into ten distinct functional 395 

modules (Figure 3G), each exhibiting marked transcriptional shifts along pseudotime 396 

(Figure 3H). Cells from LPC displayed heightened metabolic activity and evidence of 397 

mitochondrial remodeling (Figure 3H), consistent with a progenitor state primed for 398 

bioenergetic demands. As cells transitioned into the pre-ALV phase, expression of 399 

antigen presentation genes such as CD74, CTSD, CTSS and HLA-DRA became 400 

prominent (Supplementary Figure S2B, C), suggesting a transient phase of immune 401 

communication and hormonal sensitivity. Fully differentiated ALV cells were 402 

characterized by the upregulation of genes associated with lipid storage, including LPL, 403 

PLIN2, and SREBF1 (Supplementary Figure S2D, E), reflecting their functional 404 

specialization in milk production and the establishment of alveolar architecture in 405 

response to increased energetic demand. In addition, these cells exhibited elevated 406 

expression of extracellular matrix-related genes such as COL1A1, COL1A2, COL3A1, 407 

COL5A2, COL5A3, and LUM (Figure 3I, J). Immunofluorescence analysis further 408 

confirmed the colocalization of COL1A1, COL3A1, and COL5A1 with ALV cells 409 

(Figure 3K–M), underscoring their structural role in alveolar formation. 410 

  411 



Stage-specific fibroblast heterogeneity drives immune remodeling of the 412 

mammary gland 413 

Fibroblasts play an active role in tissue remodeling during pregnancy, contributing to 414 

collagen fiber synthesis and organization within the mammary gland (Yamaguchi et al., 415 

2024). To characterize their cellular heterogeneity, we performed subclustering analysis 416 

on 10 172 fibroblasts and identified five transcriptionally distinct subtypes (Figure 4A), 417 

each defined by the dominant subtype-specific genes (Figure 4B). These subtypes 418 

displayed pronounced heterogeneity across three physiological stages (Figure 4C), with 419 

MDK+ fibroblasts (Fibro), LTBP2+ Fibro, and RPGRIP1+ Fibro were primarily derived 420 

from gilt mammary glands, whereas GREM+ Fibro were enriched in post-lactational 421 

samples and PGLYRP1+ Fibro were predominantly present in late pregnancy. 422 

We next performed GO enrichment analysis based on subtype-specific expression 423 

gene (Figure 4D). Beyond their shared roles in extracellular matrix organization and 424 

collagen biosynthesis (Supplementary Figure S3A), fibroblasts enriched in the gilt 425 

mammary gland exhibited distinct transcriptional programs (Figure 4D). The MDK+ 426 

Fibro, marked by elevated expression of CXCL10, IFIT1 and MX1, were associated 427 

with antiviral innate immune responses (Figure 4E), while co-expression of ACTA2, 428 

EMILIN1, F3, HBEGF, MDK, RGMA and SERPINE2 suggested additional 429 

involvement in response to wounding (Figure 4E). These findings indicate that this 430 

population may contribute to immune surveillance and regenerative processes. The 431 

LTBP2+ Fibro, characterized by high expression of ASPN, CDKN1C, FMOD, FOLR2, 432 

ID1, LTBP2, PMEPA1 and TGFB3, were enriched for TGF-β signaling components 433 

(Supplementary Figure S3B), implicating a role in stromal regulatory signaling. The 434 

RPGRIP1+ Fibro expressed genes such as ABL1, DAAM1, PRICKLE1, ROR1, ROR2 435 

and RPGRIP1L, which are involved in epithelial morphogenesis (Supplementary 436 

Figure S3C). This finding points to a potential function in structural support and 437 

epithelial remodeling. 438 

In contrast, fibroblasts enriched in late pregnancy and post-lactational stages 439 

exhibited transcriptional features indicative of dual roles in structural remodeling and 440 

immune regulation. The GREM1+ Fibro upregulated genes involved in branching 441 



morphogenesis (Supplementary Figure S3D), including AGT, FGF7 and NTN4, as well 442 

as genes regulating fatty acid metabolism such as ACADL, FMO2, GHSR and PDK4 443 

(Supplementary Figure S3D), suggesting a role in ductal patterning and adipose 444 

remodeling. PGLYRP1⁺ fibroblasts were enriched for genes associated with 445 

antimicrobial humoral responses (Figure 4F), such as GNLY, JCHAIN, LYZ, PGLYRP1 446 

and S100A12, supporting a specialized role in shaping the local immune 447 

microenvironment in late pregnancy and mammary gland regression. In addition, this 448 

fibroblast subset exhibited upregulation of genes involved in granulocyte chemotaxis 449 

and robust expression of pro-inflammatory chemokines (Figure 4D, G), such as CCL4, 450 

CCL5, CXCL2, CCL21, CXCL8 and CXCL14, suggesting active participation in 451 

immune signaling. Immunofluorescence co-localization further confirmed the presence 452 

of fibroblast subpopulations expressing CCL5 (Figure 4H). 453 

  454 



Endothelial metabolic remodeling across mammary developmental stages 455 

The maternal vascular system undergoes extensive remodeling during late gestation to 456 

meet the increasing metabolic demands associated with lactation (Hardy et al., 2021). 457 

To characterize the endothelial landscape underlying this adaptation, we performed 458 

transcriptomic profiling of 3 256 endothelial cells collected across gilt, late-pregnancy, 459 

and post-lactational stages. This analysis identified six transcriptionally and 460 

functionally distinct endothelial subtypes (Figure 5A), comprising arterial (Art) 461 

endothelial cells marked by high expression of SEMA3G, three capillary (cap) clusters 462 

characterized by elevated expression of EDNRB and SPARCL1, and two venous (Vein) 463 

subtypes defined by ACKR1 expression (Figure 5B). 464 

GO enrichment analysis of subtype-specific transcriptional profiles revealed 465 

functional diversity across endothelial states (Figure 5C). The Cap1 subtype, 466 

predominantly observed in the gilt stage (Figure 5D), exhibited upregulated expression 467 

of AGTR1, AVPR1A, CCN1, PDGFRB, ANGPTL4, CCL19, SOCS1, SPHK1, FADS1, 468 

FADS3, PDGFA and SNAI2 (Figure 5E), genes implicated in the regulation of 469 

phospholipase activity and lipid signaling, suggesting a preparatory role in maintaining 470 

phospholipid homeostasis. The Vein2 subtype exhibited elevated expression of ABCA1, 471 

APOE, GPNMB, PLTP and SPP1 (Figure 5F), which are involved in lipid transport 472 

(Sprenger et al., 2025; Wang et al., 2025), along with ASAH1, SMPDL3A and 473 

SMPDL3B, key regulators of sphingolipid metabolism (Jang et al., 2018), consistent 474 

with vascular specialization for nutrient delivery during mammary gland repurposing. 475 

In contrast, Cap3 cells, which predominated in late pregnancy, exhibited elevated 476 

expression of genes such as FLCN, IGF1 and P2RX7 implicated in the regulation of 477 

glycolytic processes (Figure 5G). Analysis of Cap3-specific genes further revealed 478 

upregulation of genes involved in both lipid and glycolytic metabolism (Figure 5H), 479 

suggesting augmented metabolic regulation to accommodate the heightened energy 480 

requirements of late pregnancy. Collectively, these findings delineate stage-specific 481 

metabolic specialization among endothelial subtypes, reflecting coordinated energy 482 

adaptation during mammary remodeling.  483 



Cross-species conservation of mammary gland transcriptomes among human, pig 484 

and mouse 485 

To systematically compare mammary gland cell types across species, we integrated 486 

single-cell transcriptomic datasets from humans (Bhat-Nakshatri et al., 2024), pigs, and 487 

mice (Li et al., 2020) using an anchor-based mutual nearest neighbor alignment strategy. 488 

This cross-species integration revealed that homologous cell types clustered together in 489 

the human, pig and mouse mammary gland (Figure 6A, B). Cross-species similarity 490 

quantified with MetaNeighbor (Crow et al., 2018) showed uniformly high conservation 491 

across corresponding cell types, with AUROC values≥0.91 (Figure 6C; Supplementary 492 

Table S7). To further characterize conserved molecular features, we defined cell type-493 

specific genes independently in each species and derived a set of 405 genes shared 494 

across all three species (Supplementary Table S8), including canonical markers such as 495 

KRT5 (B-Myo), ESR1 (LHS), CSN2/CSN3 (LASP), COL1A1/COL3A1 (Fibro), 496 

C1QA/C1QB (Macro), SKAP1 (T cells), VWF (VEC), and FLT4 (LEC) (Figure 6D). 497 

Among these, 34 transcription factors exhibited conserved, cell type-specific 498 

expression (Figure 6D). In LHS, FOXA1, ESR1 and AR were all conserved across 499 

species, with FOXA1 acting as a pioneer factor that facilitates ER (encoded by ESR1) 500 

and AR recruitment to their regulatory targets (Fu et al., 2023). In LASP, ELF5 and 501 

EHF governed epithelial lineage specification and barrier integrity (Nightingale et al., 502 

2024). In endothelial populations, MEOX2 and MEOX1 demarcated vascular and 503 

lymphatic compartments (Li et al., 2024; Wang et al., 2022), respectively (Figure 6D). 504 

Collectively, these analyses demonstrate conservation of mammary cell identities and 505 

regulatory programs across human, pig and mouse. 506 

Given the strong transcriptomic concordance among human, pig, and mouse 507 

mammary glands, we next performed pairwise correlation analyses to assess relative 508 

similarity across species. Human and pig cell types consistently exhibited higher 509 

transcriptomic concordance than their human-mouse counterparts (Figure 6E, F). For 510 

instance, B-Myo cells, which mediate milk ejection through contractile activity and 511 

play essential roles in mammary development and maintenance (Gieniec and Davis, 512 

2022), showed a higher correlation between pigs and humans (r=0.55) than between 513 



mice and humans (r=0.46). Similarly, fibroblasts, which provide structural support to 514 

the gland, facilitate ductal morphogenesis, and contribute to tissue homeostasis and 515 

remodeling (Pascual et al., 2025), displayed a stronger pig-human correlation (r=0.62) 516 

compared to mouse-human (r=0.53) (Figure 6E, F). To determine whether these cross-517 

species relationships also apply to clinically relevant loci, we next examined the 518 

expression patterns of a curated set of breast cancer risk genes (Consortium, 2021) 519 

(Figure 6G; Supplementary Table S9). These risk genes were predominantly expressed 520 

in human mammary epithelial cells, with most showing no marked cell type specificity. 521 

Notably, CDH1, a member of the cadherin family, exhibited high expression across 522 

epithelial populations in all three species (Figure 6G). Given that germline mutations 523 

in CDH1 confer up to a 55% lifetime risk of developing breast cancer in women 524 

(Gamble et al., 2023), this conserved expression underscores its fundamental role in 525 

maintaining epithelial integrity and its relevance to breast cancer susceptibility. 526 

  527 



DISCUSSION 528 

In this study, we present a single-cell transcriptomic atlas of the porcine mammary 529 

gland across three key reproductive stages, providing a comprehensive view of its 530 

cellular and molecular remodeling during pregnancy. Transcriptomic profiling revealed 531 

extensive transcriptional reprogramming in epithelial, endothelial, and fibroblast 532 

compartments. Subtype-level analyses further uncovered pronounced heterogeneity 533 

within each lineage. Epithelial cells exhibited active participation in extracellular 534 

matrix remodeling during late pregnancy, while endothelial subtypes displayed stage-535 

specific energy metabolic specializations associated with mammary reorganization. A 536 

distinct fibroblast population enriched for chemokine expression emerged 537 

predominantly in multiparous glands, suggesting an immunomodulatory role. Cross-538 

species comparison revealed conserved transcriptional programs in the mammary gland 539 

shared across humans, pigs and mice. 540 

Through systematic differential expression analysis, we established a comprehensive 541 

catalogue of pregnancy-associated genes and pathways, offering a global view of the 542 

physiological adaptations shaping the mammary gland during pregnancy. Our analysis 543 

revealed that epithelial, endothelial, and fibroblast compartments exhibited pronounced 544 

transcriptional changes during pregnancy. Notably, we observed a transition of the 545 

mammary gland from an inflammation-driven remodeling phase to a tolerant yet 546 

protective immune state during late pregnancy. Specifically, this immune functional 547 

shift was reflected by the downregulation of inflammatory genes (LYZ, CXCL14, and 548 

SPP1) alongside the upregulation of antimicrobial humoral immunity genes (JCHAIN 549 

and PGLYRP1) during late pregnancy. Such transcriptional remodeling likely facilitates 550 

tissue preservation and preparation for lactation by minimizing inflammatory damage 551 

while maintaining defense against microbial invasion, consistent with the establishment 552 

of an immune-tolerant microenvironment characterized by enhanced secretory IgA 553 

pathways and dampened inflammatory responses in human and murine mammary 554 

glands during late gestation (Donald et al., 2022; Niimi et al., 2018). 555 



Our subtype analysis of epithelial cells delineates the transcriptomic trajectory of 556 

alveolar cell differentiation from luminal progenitors, characterizing concomitant shifts 557 

in gene expression and pathway activity. This transition was marked by a decline in 558 

immune-related transcriptional programs and a concomitant induction of collagen fibril 559 

organization genes, including COL1A1, COL1A2, COL3A1, COL5A2, and COL5A3. 560 

These findings are consistent with previous reports identifying type I, III, and V 561 

collagens, rather than type VI, VII, XIV, or XV, as the principal fibrillar components of 562 

the mammary extracellular matrix (Tsutsui et al., 2020). In rodents and humans, 563 

collagen composition and structure in the mammary gland are dynamically regulated 564 

across reproductive stages to accommodate shifting functional demands (Guo et al., 565 

2022; Tsutsui et al., 2020). Although extracellular matrix synthesis has long been 566 

ascribed to stromal fibroblasts (Boeker and Kalluri, 2025), our data reveal a potential 567 

epithelial contribution to collagen deposition during alveolar morphogenesis. Although 568 

epithelial involvement in collagen biosynthesis has been described (Luo et al., 2024; 569 

Sawhney, 1993), direct evidence for alveolar cells expressing fibrillar collagens I, III, 570 

and V to support structural remodeling remains lacking, highlighting an overlooked 571 

facet of epithelial-mediated matrix dynamics. 572 

Subtype analysis of endothelial cells revealed enhanced regulation of energy 573 

metabolism, indicative of adaptive remodeling to meet the physiological demands of 574 

late pregnancy. Both Cap1 and Vein2 subtypes were functionally linked to lipid 575 

metabolic pathways, reflecting coordinated endothelial adaptation to dynamic lipid and 576 

energy requirements across reproductive stages. In contrast, Cap3 exhibited additional 577 

upregulation of glycolysis-associated genes, including IGF1, FLCN, P2RX7, and SNRK, 578 

suggesting an intensified metabolic shift to support the elevated energy demands of the 579 

mammary gland in late pregnancy. This transition parallels observations in human and 580 

dairy cows (Armistead et al., 2020; Piantoni and Vandehaar, 2022), in which mammary 581 

tissue undergoes pronounced metabolic stress during late gestation. Notably, the 582 

mammary capillary endothelium forms the principal semipermeable interface 583 

controlling the exchange of oxygen, CO₂, solutes and macromolecules required for 584 

cellular energy metabolism (Ryman et al., 2015), implying that metabolic 585 



reprogramming of endothelial subtypes is likely to directly shape substrate availability. 586 

Collectively, these findings indicate that endothelial metabolic plasticity may constitute 587 

a key regulatory layer in orchestrating nutrient delivery and tissue preparation for milk 588 

synthesis prior to parturition. 589 

These findings provide a comprehensive view of the cellular and transcriptional 590 

dynamics underlying mammary gland adaptation during pregnancy. By resolving 591 

distinct epithelial, fibroblast, and endothelial states, our study highlights stage-specific 592 

regulatory programs that orchestrate tissue remodeling, metabolic reprogramming, and 593 

immune modulation. The identification of transitional states and functionally 594 

specialized subtypes lays a foundation for further mechanistic investigation into 595 

hormone-driven reorganization and its implications for porcine pregnancy and 596 

reproductive health. Future work integrating spatial context, epigenetic landscapes, and 597 

hormonal cues will be critical to fully delineate the regulatory networks guiding 598 

mammary gland plasticity. 599 
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 750 
Figure 1 Single-cell transcriptomic atlas of the mammary gland across reproductive stages 751 
A: Experimental design illustrating H&E staining and scRNA-seq of mammary gland tissues 752 
collected from gilt, late-pregnancy, and post-lactational stages. n indicates the number of biological 753 
replicates (individual pigs). d denotes the postnatal day (e.g., d241 represents day 241 after birth). 754 
B–D: Representative H&E-stained sections of mammary glands from gilt (B), late pregnancy (C), 755 
and post lactational stages (D). Labels a–f indicate the following structures: a, ductal network; b, 756 



immature alveolar structure; c, milk in the alveolar lumen; d, alveolar epithelial cells; e, basal 757 
myoepithelial cells; f, regressed alveolar structure. Scale bar, 20 μm. E: UMAP visualization of 758 
single-cell transcriptomes from seven mammary samples, colored by cell type. LASP: luminal 759 
adaptive secretory precursors, LHS: luminal hormone-sensing cells, B-Myo: basal-myoepithelial 760 
cells, NK: natural killer cells, PC: plasma cells, Macro: macrophages, Neu: neutrophil, Fibro: 761 
fibroblasts, Peric: pericytes, SMC: smooth muscle cells, VEC: vascular endothelial cells, LEC: 762 
lymphatic endothelial cells. F: Dot plot showing the expression patterns of canonical marker genes 763 
across major cell types. G: Bar plot showing the proportion of cells from each stage contributing to 764 
the 14 major cell types. H: Heatmap showing the expression levels of 2 474 cell type-specific genes, 765 
τ>0.85. The top 10 marker genes for each cell type, ranked by τ scores, are highlighted on the right. 766 

767 



 768 
Figure 2 Transcriptional dynamics of mammary gland cell types during pregnancy 769 

A: Bar plot showing the number of DEGs in late pregnancy compared to gilt (top) and post-770 

lactational (bottom) stages (logFC>1, P<0.05). Red indicates genes upregulated in late pregnancy; 771 

blue indicates downregulated genes. B: Intersections of upregulated and downregulated DEGs in 772 

each cell type for the comparisons of late pregnancy versus gilt and post-lactational versus post-773 

lactational. Red bars represent the number of shared upregulated genes in late pregnancy; blue bars 774 

represent shared downregulated genes in late pregnancy. C: Heatmap showing the expression of 775 



genes that are commonly upregulated (red) or downregulated (blue) across multiple cell types in 776 

late pregnancy. Cell type-shared genes are defined as those significantly altered in at least two cell 777 

types. D–E: Heatmaps showing enriched pathways for upregulated (D) and downregulated (E) genes 778 

in each cell type. Cell type abbreviations are as defined in Figure 1E.779 



 780 
Figure 3 Transcriptional heterogeneity and lineage progression of epithelial subtypes in the 781 
pig mammary gland 782 
A: UMAP visualization of mammary epithelial cells colored by subtype (left) and by reproductive 783 
stage (right). B: Dot plot showing the expression of canonical marker genes across epithelial 784 
subtypes. C: Bar plot showing the stage contribution of cells to each of the six epithelial subtypes. 785 
D: GO term enrichment of LPC-specific highly expressed genes. E: Dot plot showing the expression 786 



of LPC-enriched genes associated with selected GO terms. F: Pseudotime trajectory of LPC, pre-787 
ALV, and ALV cells reconstructed using Monocle3, colored by pseudotime value. G: Heatmap 788 
showing the expression dynamics of the top 10 000 genes significantly associated with pseudotime 789 
(Q<0.01) along the LPC-to-ALV axis. H: GO enrichment heatmap of the ten gene modules derived 790 
from pseudotime-associated genes. I: Expression dynamics of genes within Module 7 enriched for 791 
collagen fibril organization along pseudotime trajectory. J: Expression level of genes within Module 792 
7 enriched for collagen fibril organization across three cell types. K–M: Immunofluorescence 793 
staining showing the colocalization of type I, III, and V collagens with the epithelial marker EPCAM 794 
in mammary tissue at the late pregnancy stage. Arrows highlight alveolar epithelial cells that are 795 
positive for COL1A1, COL3A1, and COL5A1. Scale bar, 10 μm. 796 

797 



 798 
Figure 4 Transcriptional heterogeneity of fibroblast subtypes in the mammary gland during 799 
pregnancy 800 
A: UMAP visualization of fibroblast populations colored by subtype (left) and by reproductive stage 801 
(right). B: Heatmap showing the expression of subtype-specific marker genes defining fibroblast 802 
identities. C: Bar plot showing the contribution of cells from each reproductive stage to the five 803 
fibroblast subtypes. D: GO enrichment heatmap of subtype-specific highly expressed genes across 804 
fibroblast populations. E: Heatmap showing the expression of genes enriched in MDK⁺ fibroblasts, 805 
associated with antiviral innate immune response and regulation of wound healing. F: Heatmaps 806 
showing expression of genes enriched in PGLYRP1⁺ fibroblasts, associated with antimicrobial 807 
humoral response. G: Heatmaps showing expression of genes enriched in PGLYRP1⁺ fibroblasts, 808 
associated with granulocyte chemotaxis. H: Immunofluorescence staining showing co-localization 809 
of the fibroblast marker type III collagen (yellow) with CCL5 (red) in the mammary gland from the 810 
late-pregnancy stage. Arrows highlight fibroblasts that are positive for CCL5. Scale bar: 10μm. 811 
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 813 

Figure 5 Transcriptional heterogeneity of endothelial subtypes in the mammary gland during 814 
pregnancy 815 
A: UMAP visualization of endothelial cells colored by subtype (left) and by reproductive stage 816 
(right). B: Dot plot showing the expression of marker genes distinguishing arterial, capillary and 817 
venous endothelial identities. C: GO enrichment heatmap of subtype-specific highly expressed 818 
genes across endothelial subtypes. D: Bar plot showing the contribution of cells from each 819 
reproductive stage to the six endothelial subtypes. E: Heatmap showing the expression of genes 820 
enriched in Cap1, associated with the regulation of phospholipase activity. F: Heatmap showing the 821 
expression of genes enriched in Vein2, linked to the positive regulation of lipid localization. G: 822 
Heatmap showing the expression of genes enriched in Cap3, involved in the regulation of glycolytic 823 
processes. H: Heatmap illustrating the expression patterns of Cap3-specific genes involved in 824 
glycolytic and lipid metabolism. 825 
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 827 

Figure 6 Cross-species single-cell transcriptomic comparison of mammary gland cell types in 828 
humans, pigs, and mice. 829 
(A) UMAP visualization of integrated single-cell transcriptomes from human, pig, and mouse 830 
mammary glands, colored by cell type. Cell type abbreviations are as defined in Figure 1E. (B) 831 
UMAP plots of individual species, colored by species identity. (C) Heatmap showing AUROC 832 
scores quantifying cross-species similarity among human, pig, and mouse mammary gland cell 833 
types. All corresponding cell types exhibit high concordance, with a minimum AUROC of 0.91. (D) 834 
Heatmap showing the expression patterns of 405 cross-species conserved cell type-specific genes, 835 
defined by τ>0.85 and detection in more than 5% of cells within the corresponding cell type. (E–F) 836 
Heatmaps showing pairwise correlation coefficients between cell types from humans and pigs (E), 837 
humans and mice (F). (G) Heatmap showing the expression patterns of breast cancer risk genes 838 
across different cell types in the human, pig, and mouse mammary glands. 839 
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单细胞转录组学揭示妊娠期猪乳腺的动态细胞重塑 841 
 842 
杨思雨 1,*, 姚天雄 1,*, 黄路生 1,* 843 
 844 
1 江西农业大学猪遗传改良与种质创新全国重点实验室，南昌 330045 845 
 846 
* 通 讯 作 者 ： 杨 思 雨  (siyuyang1013@163.com) ； 姚 天 雄 847 
(TianxiongYao@hotmail.com)；黄路生 (lushenghuang@hotmail.com) 848 
 849 
摘要：妊娠会诱导乳腺发生广泛的重塑，以建立哺乳所需的腺泡网络，然而这一850 
转变在猪中的细胞程序仍缺乏系统解析。在本研究中，我们构建了覆盖后备母猪、851 
妊娠晚期及泌乳后阶段的猪乳腺单细胞转录组图谱。差异表达分析显示，上皮细852 
胞、成纤维细胞和内皮细胞在妊娠过程中表现出最为显著的动态变化，促使我们853 
对这些细胞谱系进行更高分辨率的分析。上皮细胞向腺泡命运分化的轨迹中诱导854 
了以 COL1A1、COL3A1 和 COL5A1 为代表的纤维型胶原相关程序，提示上皮855 
细胞在细胞外基质组装中的潜在贡献。成纤维细胞分析揭示了一类 PGLYRP1⁺ 856 
成纤维细胞亚型，该亚型富集表达趋化因子 CCL4、CCL5 和 CCL21，提示其可857 
能参与免疫细胞的募集。内皮细胞在不同阶段经历特异性的代谢重编程，其中妊858 
娠晚期以内皮细胞中糖酵解相关基因（包括 IGF1、FLCN 和 P2RX7）以及脂质859 
代谢相关基因（如 RBP7、KITLG 和 CD36）表达上调为特征。跨物种比较分析860 
表明，人、猪和小鼠乳腺在细胞身份及关键分子特征（ESR1、AR 和 FOXA1）861 
方面具有高度保守性。总体而言，该图谱系统刻画了妊娠相关乳腺重塑的细胞学862 
逻辑，并为解析猪乳腺转录组变化提供了重要资源。 863 
 864 
关键词：猪；乳腺；妊娠；单细胞转录组；重塑 865 
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