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Introduction: Mastitis is one of the costliest diseases in the dairy industry. Escherichia 
coli (E. coli) and Staphylococcus aureus (S. aureus) are the two most predominant 
pathogens. However, the specific molecular mechanisms underlying the interactions 
between these pathogens and bovine mammary epithelial cells, especially for two 
pathogenic co-infections, remain poorly understood.

Methods: Here, this study employed high-throughput RNA sequencing to 
comprehensively analyze the gene expression changes in bovine mammary 
epithelial cells upon individual and co-infection with E. coli and S. aureus.

Results: Transcriptomic analysis identified 282 differentially expressed genes 
(DEGs) in the E. coli-infected group (E group), with 246 upregulated and 36 
downregulated genes. Notably, pro-inflammatory genes (CXCL8, GRO1, CCL20) 
were significantly induced, and functional enrichment analysis demonstrated 
robust activation of inflammatory pathways including TLR/NF-κB and IL-17 signaling 
cascades. In contrast, the S. aureus-infected group (S group) exhibited 354 DEGs 
(314 upregulated, 40 downregulated), featuring pathogen-specific upregulated 
genes (ESM1, IL18RAP). Functional annotation revealed predominant involvement 
of metabolic processes, particularly ATP metabolism and chaperone complex 
activities. The co-infection group (ES group) displayed 307 DEGs (277 upregulated, 
30 downregulated), demonstrating a unique “inflammatory-metabolic” dual-mode 
signature that integrated inflammatory features from the E group with metabolic 
reprogramming characteristics of the S group. Protein-protein interaction network 
analysis further delineated pathogen-specific hubs: inflammatory mediators (CXCL8, 
CCL20, IL6) in the E group, molecular chaperones (CCT5, RUVBL1/2) in the S group, 
and a distinctive IL6-FBL-centered network in co-infection. These findings elucidate 
pathogen-specific molecular mechanisms at the transcriptomic level, particularly 
revealing a unique “inflammatory-metabolic” dual-mode regulatory network during 
co-infection states. These findings provide new insights into the pathogenesis of 
mastitis and provide a theoretical basis for developing targeted prevention and 
control strategies.
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1 Introduction

Bovine mastitis, a common disease threatening the healthy 
development of the global dairy industry, causes enormous economic 
losses annually. It is estimated that the direct economic losses caused 
by clinical mastitis alone reach hundreds of dollars per cow (1). In the 
meantime, the impact of subclinical mastitis is even more widespread, 
such as reducing milk yield and quality (2, 3), and increasing antibiotic 
usage (4), thereby raising public health concerns about food safety and 
bacterial resistance (5). The etiology of mastitis involves factors such 
as feeding management, environmental conditions, and pathogenic 
microorganisms, with bacterial infections being the primary cause. 
Among the various pathogens, Escherichia coli (E. coli) and 
Staphylococcus aureus (S. aureus) are representative. Current research 
has found that their infection characteristics differ: E. coli primarily 
causes acute clinical mastitis, whereas S. aureus tends to lead to 
chronic and persistent infections. The two pathogens exhibit 
significant differences in pathogenic mechanisms and host responses 
(6). These differences suggest that during the invasion of bovine 
mammary epithelial cells, the two pathogens may activate distinct 
host recognition receptors (such as TLR4 and TLR2), regulate different 
cellular signaling transduction networks (such as the NF-κB and 
MAPK pathways), and ultimately induce specific immune response 
patterns in the host cells (7).

In recent years, with the advancement of molecular and cellular 
biology technologies, significant progress has been made in research 
on the interactions between mammary epithelial cells and pathogenic 
bacteria. Currently, studies on the molecular mechanisms of single 
infections by E. coli or S. aureus have been relatively well-established. 
E. coli primarily activates the Toll-like receptor 4 (TLR4) signaling 
pathway via lipopolysaccharide (LPS), triggering a strong 
inflammatory response (8). In contrast, S. aureus disrupts epithelial 
barrier function through virulence factors, such as α-hemolysin and 
demonstrates stronger intracellular parasitism (9). Multiple studies 
have also found that nutrient-sensing regulators play an important 
role in alleviating bacteria-induced inflammatory responses. Studies 
have shown that selenomethionine (10–12) and cis-9, trans-11 
conjugated linoleic acid (13) mitigate E. coli-induced inflammation 
through distinct mechanisms. Furthermore, PINK1/Parkin-mediated 
mitophagy (14) and selenium-mediated ROS modulation (15) have 
been found to attenuate NLRP3 inflammasome activation (16) 
triggered by S. aureus in bovine mammary epithelial cells. While 
extensive research has focused on infections caused by either pathogen 
individually, the synergistic interaction mechanisms of these two 
bacterial co-infections that are usually observed in industry remain 
poorly understood.

Although numerous studies have investigated single-pathogen 
infection mechanisms, the regulatory effects of E. coli and S. aureus on 
host cells at the transcriptomic level—particularly their synergistic or 
antagonistic interactions during co-infection—remain poorly 
understood. Several critical questions are needed to be addressed: (1) 
How do these two pathogens differentially modulate host gene 
expressions to evade immune defenses? (2) Whether unique 
transcriptional regulatory patterns emerge during co-infection? (3) 
How does the infection dose influence these interactions? To address 
these gaps, this study employs transcriptomic sequencing to delineate 
the molecular interaction networks in bovine mammary epithelial 
cells during mono- or co-infection with E. coli and S. aureus. By 

elucidating both pathogen-host and pathogen-pathogen interaction 
mechanisms, our findings will provide theoretical foundations and 
experimental evidence for understanding mastitis pathogenesis and 
developing more effective prevention strategies.

2 Materials and methods

2.1 Experimental design

A systematic experiment was designed to investigate the host-
pathogen interaction mechanisms. The bovine mammary epithelial 
cells (Mac-T cell line) were challenged by blank, Escherichia coli, 
Staphylococcus aureus and both pathogens. At the same time, Mac-T 
cells were subjected to mono- or co-infection at three different 
multiplicity of infection ratios (10:1, 1:1, and 1:10) to simulate varying 
infection intensities (group-named as 1, 2, and 3, respectively). Each 
infection ration had 4 replicates.

2.2 Cell culture and pathogen stimulation

This study utilized Mac-T cells (a bovine mammary epithelial cell 
line) obtained from the Shanghai Cell Bank. After thawing from liquid 
nitrogen storage, the cells were cultured in complete medium 
consisting of 89% DMEM basal medium, 10% fetal bovine serum 
(FBS), and 1% penicillin/streptomycin (double antibiotics). The cells 
were maintained in a constant temperature incubator at 37°C with 5% 
CO₂. To ensure experimental stability and reproducibility, the MAC-T 
cells were passaged for 3 consecutive generations (approximately 48 h 
per passage) prior to formal experiments to establish a homogeneous 
and well-conditioned cell population. During this period, cell 
morphology and growth status were regularly observed under an 
inverted microscope to avoid contamination or abnormal growth. 
Once cell growth stabilized, the cells were digested with 0.25% 
Trypsin–EDTA to prepare a uniform cell suspension for 
subsequent experiments.

For the preparation of Escherichia coli and Staphylococcus aureus, 
0.5–0.8 mL of LB liquid medium was pipetted into the lyophilized 
bacterial ampoules, mixed thoroughly, and inoculated into liquid 
medium. The cultures were then incubated at 37°C with shaking at 
150 rpm for 24 h. A 100 μL aliquot of the bacterial suspension was 
streaked onto TSA plates and incubated at 37°C for 24 h. Single 
colonies were picked up and inoculated into LB liquid medium, 
followed by 12 h of shaking at 37°C for subsequent use. The bacterial 
suspension was then transferred to 100 mL of LB liquid medium, and 
samples were collected at 0, 1.5, 3, 4, 6, 8, 10, 14, 16, and 20 h to 
measure the OD₆₀₀ and perform plate counting, establishing the 
bacterial growth curve.

MAC-T cells were seeded into 6-well plates, and when cell density 
reached 80%, they were washed three times with sterile phosphate-
buffered saline (PBS) and switched to serum-free, antibiotic-free 
DMEM basal medium for a 2-h incubation at 37°C. Bacterial 
suspensions of E. coli, S. aureus, or a mixture of both pathogens were 
added at multiplicity of infection (MOI) ratios of 10:1, 1:1, and 1:10, 
respectively, followed by incubation at 37°C with 5% CO₂ for 2 h. After 
discarding the culture medium, the cells were washed three times with 
pre-warmed PBS. The cells were then incubated for 1 h in complete 
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medium containing gentamicin (50 μg/mL) to eliminate extracellular 
bacteria. Following incubation, the cells were washed three additional 
times with pre-warmed PBS to completely remove residual gentamicin. 
Finally, the cells were cultured in fresh complete medium supplemented 
with 5 μL of double antibiotics (penicillin/streptomycin) for further 
maintenance. The culture medium from the inflammatory and control 
groups was collected in sterile EP tubes for further analysis. 
Additionally, a portion of the inflammatory and control cells were lysed 
to obtain cell lysates. The collected culture medium and cell lysates 
were spread onto LB plates and incubated at 37°C for 24 h to assess the 
successful establishment of the inflammation model. If the model was 
successfully established, no bacterial colonies would grow in the 
culture medium, while colonies would be observed in the inflammatory 
cell lysates, with no colonies present in the control group lysates.

2.3 RNA extraction, and transcriptomics 
sequencing

This study extracted total RNA from MAC-T cells using TRIzol 
reagent (Takara, Beijing, China) following the manufacturer’s standard 
protocol. All procedures were performed on ice with strict time control 
to minimize RNA degradation. The extracted RNA samples were 
immediately dissolved in RNase-free water, and their concentration, 
purity, and integrity (RIN > 7.0) were assessed using a Nanodrop 
spectrophotometer and agarose gel electrophoresis. Qualified samples 
were sent to Novogene Co., Ltd. (Tianjin China) for RNA-seq library 
preparation and sequencing analysis. RNA sequencing was performed 
on the Novaseq-PE150 platform to generate 150 aired end reads.

2.4 Bioinformatics

Raw sequencing data were processed using Trimmomatic (v0.39) 
(17) with the following parameters: Phred+33 quality encoding 
format; sliding window trimming (SLIDINGWINDOW:4:20) where 
reads were trimmed when the average base quality in a 4-bp window 
fell below 20; minimum length threshold (MINLEN:60) where reads 
shorter than 60 bp after trimming were discarded. The resulting high-
quality reads (clean data) were used for subsequent analysis. The 
bovine reference genome (Bos_taurus. ARS-UCD1.3) FASTA file 
(Bos_taurus. ARS-UCD1.3.dna_sm.toplevel.fa) was downloaded from 
Ensembl database, and genome indexes were built using HISAT2’s 
hisat-build tool for sequence alignment. The corresponding GFF3 
annotation file (Bos_taurus. ARS-UCD1.3.113.gff3) was also 
downloaded for transcript assembly and gene annotation. Quality-
controlled clean data were aligned to the reference genome using 
HISAT2 (18) (v2.2.1). Paired-end sequencing data from each sample 
were aligned to generate SAM format files, which were then converted 
to BAM format using SAMtools (19). The BAM files were subsequently 
sorted for downstream analysis. Transcript assembly was performed 
on the sorted BAM files using StringTie (20) (v2.2.1). Initial transcript 
assembly was conducted using both BAM files and GFF3 annotation 
files, generating GTF format files containing detailed transcript 
information and gene expression levels. A sample_list.txt file was 
created containing sample names and corresponding GTF file paths. 
Finally, a Python script was used to process the StringTie-generated 
GTF files and produce a gene count matrix (gene_count_matrix.csv).

2.5 Statistics

Principal component analysis (PCA) was performed using ImageGP 
(21).1 The alpha level for determining the significance of PCA separation 
in our study was set at 0.05. To assess the significance of the separation, 
we employed the PERMANOVA (Permutational Multivariate Analysis 
of Variance) test. In RStudio (2023.6.0.421), we conducted differential 
expression analysis by first mapping gene IDs from gene_count_matrix.
csv to the ARS-UCD1.3 database using BioMart on Ensembl2 (22). 
Using DESeq2 (23) (v1.46.0), we compared experimental groups (E1, 
E2, E3, ES1, ES2, ES3, S1, S2, S3) against control group DZ (as 
denominator), with differential genes identified by Padj<0.05 & 
|log2FoldChange| ≥ 1. Volcano plots were generated using ggplot2 
(v3.5.2). Differentially expressed genes were analyzed in STRING (24)3 
with Bos taurus selected as organism and minimum interaction score set 
to 0.7. We performed GO and KEGG enrichment analyses and generated 
protein–protein interaction (PPI) networks. PPI networks were 
visualized in Cytoscape (25) (v3.10.3) using Analyze Network tool. 
Nodes were colored and sized by Degree score (darker/larger indicating 
higher degree), with cluster annotations showing functional descriptions. 
All figures were finalized and assembled using Adobe Illustrator (v2025).

3 Results

3.1 Transcriptomics characteristics

The transcriptome sequencing of 39 Bovine Mammary Epithelial 
Cell (BMEC) samples generated a total of 791,931,172 raw reads. After 
quality control, 756,830,895 high-quality reads were successfully 
aligned to the Bos taurus reference genome (ARS-UCD1.3, NCBI) 
with an overall alignment rate exceeding 94% for all samples 
(Supplementary Table S1). All samples were subjected to principal 
component analysis (PCA) (Supplementary Figure S1). There were 
highly significant differences between the control group (Control) and 
the three concentration groups of Escherichia coli infection (E1, E2, 
E3) (p < 0.01). The Control group showed significant differences with 
the high-concentration Staphylococcus aureus infection group (S1) 
and the medium-concentration Staphylococcus aureus infection group 
(S2) (p < 0.05). Additionally, the Control group exhibited a significant 
difference with the low-concentration co-infection group of the two 
pathogens (ES3) (p < 0.05) (Supplementary Table S2).

3.2 Different pathogens stimulated the 
changes of expressed genes in Mac-T cells

To characterize the different expressed genes (DEGs) among 
treatment, DESeq2 was performed. Firstly, we compared pathogenic 
challenged treatments and the control group (Control). Compared 
to Control, the Escherichia coli-infected group (E) had identified 
282 DEGs including 246 upregulated and 36 downregulated genes 
(Supplementary Table S3). The Staphylococcus aureus-infected 

1 https://www.bic.ac.cn/BIC/#/

2 https://www.ensembl.org/

3 https://cn.string-db.org/
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group (S) showed 354 DEGs (314 upregulated and 40 
downregulated). For the co-infection group (ES), 307 DEGs were 
detected (277 upregulated and 30 downregulated). Next, the DEGs 
from different infection ratios of each treatment were also classified. 
Using Control as baseline, the high- (E1) and medium-
concentration (E2) infection subgroups within Escherichia coli-
infected group (E) exhibited the highest number of DEGs (291 and 
303, respectively). In S, the medium-concentration subgroup (S2) 
had the greatest numbers of DEGs, suggesting this concentration 
caused the biggest alteration of Mac-T cells. Lastly, for the 
co-infection group (ES), the high-concentration subgroup (ES1) 
had the highest amount of DEGs (366), followed by medium- (ES2) 
and low-concentration (ES3) subgroups.

The Volcano plots were generated to visualize DEGs across 
treatment groups, with the top 5 upregulated and downregulated 
genes labeled (Figure  1; Supplementary Figure S2; 
Supplementary Table S4). Our results showed consistent upregulated 
DEGs in E and ES treatment groups regardless of the concentration 
of pathogens. For example, CXCL8 (IL-8, neutrophil chemoattractant), 
GRO1 (growth-regulated oncogene involved in inflammation), 
CCL20 (immune cell recruiter), TNF (core inflammatory mediator), 
and IL1B/IL6 (key pro-inflammatory cytokines) were upregulated 
genes in E, E1-E3, ES, ES1-ES3 compared to Control, suggesting a 
robust immune response to E. coli infection. However, concentration-
dependent effects were observed: in E. coli infection, IL6 was 
upregulated in E1 while CSF2 (granulocyte-macrophage 

FIGURE 1

Differentially expressed genes in pathogen-stimulated Mac-T Cells. (A) Shows a circular bar plot of significant genes with segments for pregulated (red) 
and downregulated (blue) genes in Escherichia coli (E), Staphylococcus aureus (S), and co-infection (ES) groups. (B–D) Depict volcano plots comparing 
gene expression changes between experimental groups vs. control. Red dots indicate upregulated genes, blue dots indicate downregulated genes, and 
gray dots are not significant. Key genes like CXCL8 and TNF are highlighted. (B) Compares E vs. Control, (C) Compares ES vs. Control, and 
(D) Compares S vs. Control.
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colony-stimulating factor) was upregulated in E3. Interestingly, top 
upregulated DEGs in S treatment were significantly different. In 
addition, similar patterns of downregulated genes were also observed. 
DDIT4 (DNA damage/stress regulator) consistently appeared across 
multiple groups (E, E1-E3, ES, S, S1-S3), potentially indicating 
bacterial infection-induced cellular stress or metabolic suppression. 
For S. aureus infection, WSB1 (ubiquitination-related) was 
downregulated in S1, while only DDIT4 was downregulated in S3, 
suggesting broader impacts on stress pathways at higher 
infection concentrations.

3.3 Functional enrichment analysis of 
differentially expressed genes in 
pathogen-stimulated Mac-T cells

Venn diagram analysis of differentially expressed genes (DEGs) 
revealed shared DEGs across different rations, such as 22 genes in 
E. coli infection, 18 genes in S. aureus infection, and 63 genes in 
co-infection treatment (Figure 2). Functional enrichment analysis 
of these shared DEGs is presented in Figure  2. For molecular 
function (MF) enrichment, significant enrichments of CXCR 
chemokine receptor binding and chemokine activity were found in 
all subgroups of both the E. coli and the co-infection treatments. 
Similarly, the co-infection group and subgroups in S. aureus were 
both enriched for ATP energy metabolism-related functions and 
nucleic acid (DNA/RNA) metabolic activities, such as ATP 
hydrolysis activity and DNA helicase activity. In biological process 
(BP) enrichment analysis, both the E. coli and co-infection groups 
were enriched for multiple immune defense pathways, including 
cellular response to lipopolysaccharide, chemokine-mediated 
signaling pathway, and cellular response to cytokine stimulus. 
Cellular component (CC) analysis demonstrated that the S. aureus 
and co-infection groups were enriched for nuclear structures such 
as nucleoplasm and nuclear chromosome, as well as chaperone 
complex. KEGG pathway enrichment analysis of the E. coli and 
co-infection groups identified shared immune-related signaling 
pathways, including the IL-17 signaling pathway, NF-kappa B 
signaling pathway, and Toll-like receptor signaling pathway 
(Supplementary Figures S6, S8, S10).

Furthermore, we identified unique genes specific to different 
concentrations of E. coli infection. The E3 subgroup contained 
three distinctive genes: HBEGF (heparin-binding epidermal 
growth factor), PDCD7 (programmed cell death protein 7), and 
SMTNL2 (smooth muscle tropomyosin light chain phosphatase 
regulatory subunit 2). The E1 and E2 subgroups exhibited 114 and 
136 unique genes, respectively (Supplementary Figure S3). 
Functional enrichment analysis of E1 and E2 revealed that both 
subgroups were associated with rRNA metabolic processes, rRNA 
processing, and ribonucleoprotein complex biogenesis in terms of 
biological processes (BP). However, E1 was more enriched in 
nucleic acid metabolic processes, RNA processing, and RNA 
metabolic processes, while E2 showed stronger associations with 
telomere maintenance and chromosome organization. For cellular 
components (CC), both subgroups were localized to the nucleolus 
and intracellular organelle lumen, consistent with rRNA processing 
and ribosome synthesis sites. Additionally, E1 was enriched in 

spliceosome-related complexes (e.g., U4/U6 x U5 tri-snRNP 
complex), methylation-related complexes (e.g., methyltransferase 
complex), and proteasome regulatory particles. In contrast, E2 was 
enriched in preribosomes, mitochondria, fibrillar centers, and 
chaperonin-containing T-complexes. Regarding molecular 
functions (MF), E1 was associated with proteasome-activating 
activity, whereas E2 was primarily linked to translation factor 
activity (e.g., translation initiation factor activity, RNA binding) 
and energy metabolism (e.g., ATP hydrolysis activity, electron 
transfer activity). KEGG pathway analysis indicated that both 
subgroups participated in neurodegenerative diseases and 
oxidative phosphorylation. E1 specifically showed enrichment in 
RNA degradation and spliceosome pathways, while E2 was 
uniquely associated with RNA transport and thermogenesis 
(Supplementary Figures S4, S5).

We also observed that different concentrations of S. aureus infection 
exhibited unique sets of DEGs. Specifically, the S1 subgroup contained 
two distinctive genes (AIRIM and ZBTB26), while the S3 subgroup had 
five unique genes (DUSP5, GEMIN4, HBEGF, TAF5, and TRMT1). 
Notably, the S2 subgroup showed the highest number of unique DEGs 
(676 genes) (Supplementary Figure S3). Functional enrichment analysis 
of S2-specific DEGs revealed predominant associations with 
mitochondrial respiratory chain and energy metabolism pathways. 
These included mitochondrial respiratory chain complex assembly, 
mitochondrion organization, mitochondrial respirasome, and oxidative 
phosphorylation (Supplementary Figure S9).

Regarding the co-infection of cells by E. coli and S. aureus, the 
unique genes of ES2 are DZIP1 and SMTNL2; the unique genes of ES3 
are ALDH4A1, DNASE1L1, FAM227A, and KAT2B; and ES1 has 143 
unique genes (Supplementary Figure S3). Functional enrichment 
analysis of the unique differentially expressed genes in ES1 revealed 
that in terms of BP, they are primarily enriched in nucleic acid 
metabolism and protein metabolic regulation. In terms of CC, they 
are mainly enriched in chaperonin complexes and nuclear structures. 
In terms of MF, they are primarily enriched in protein folding and 
nucleic acid binding. In terms of KEGG, all pathways are related to 
neurodegenerative diseases and involve protein homeostasis 
imbalance (Supplementary Figure S7).

3.4 PPI network analysis of differentially 
expressed genes in pathogen-stimulated 
Mac-T cells

Protein–protein interaction (PPI) network analysis was 
performed using STRING database with a minimum interaction 
score threshold of 0.7, revealing distinct network topologies across 
treatment groups (Figure  3; Supplementary Table S5). In the E 
group, the PPI network exhibited CXCL8, CCL20, and IL6 as 
central hub nodes, highlighting their pivotal roles in inflammatory 
responses. Conversely, the S group displayed CCT5, RUVBL1, and 
RUVBL2 as primary hub nodes, indicative of their involvement in 
protein folding and chromatin remodeling processes. Notably, 
k-means clustering of the ES group PPI network identified three 
functional modules, with IL6 and FBL emerging as the most 
prominent hub nodes, suggesting their critical involvement in the 
host response to polymicrobial infection.
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4 Discussion

In this study, we  first performed differential gene expression 
analysis on bovine mammary epithelial cells infected with Escherichia 
coli (E. coli) and Staphylococcus aureus (S. aureus). According to the 
DESeq2 results, the number of differentially expressed genes (DEGs) 
varied across different treatment groups. In the single-infection 
groups, S. aureus infection (S group) induced more DEGs than E. coli 
infection (E group) (354 vs. 282), which may reflect S. aureus’s more 
complex virulence factor repertoire and stronger immune activation 
capacity. Meanwhile, the co-infection group (ES group) had 307 
DEGs, an intermediate number between the two single-infection 
groups, suggesting that the effect was not simply additive and 
indicating potential interactions or competition between the two 

pathogens during co-infection. This aligns with the findings of Li et al. 
(26), who demonstrated through QTL combinations that E. coli and 
S. aureus indeed interact during co-infection. Across all groups, the 
number of upregulated genes exceeded that of downregulated genes, 
indicating that the host’s primary response to bacterial infection 
involves gene activation rather than suppression (27, 28). Additionally, 
based on concentration analysis, we found that the number of DEGs 
in the high-concentration (E1) and medium-concentration (E2) E. coli 
infection groups was nearly 10 times higher than in the 
low-concentration (E3) group, suggesting a stronger response of 
bovine mammary epithelial cells to E1 and E2. Similarly, the medium-
concentration S. aureus infection group (S2) exhibited over 1,000 
DEGs (1,014), which were 17 times higher than the high-concentration 
group (S1) and 35 times higher than the low-concentration group 

FIGURE 2

Comparative analysis of shared differentially expressed genes (DEGs) and their molecular functions across infection groups. (A) Shows a green Venn 
diagram comparing DEG overlap among Escherichia coli subgroups (E, E1, E2, E3), while (C) displays an orange Venn diagram for co-infection 
subgroups (ES, ES1, ES2, ES3), and (E) presents a blue Venn diagram for Staphylococcus aureus subgroups (S, S1, S2, S3). The corresponding molecular 
function enrichment results from Gene Ontology analysis are shown in (B, D, F): (B) illustrates enriched functions like chemokine activity in E 
subgroups, (D) highlights DNA helicase activity in ES subgroups, and (F) identifies ADP binding and ATP hydrolysis activities in S subgroups.
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(S3), indicating an extremely strong response of bovine mammary 
epithelial cells to S2. Furthermore, the response to the high-
concentration co-infection group (ES1) was stronger than that of the 
medium- (ES2) and low-concentration (ES3) groups.

Furthermore, we analyzed the TOP5 upregulated DEGs in bovine 
mammary epithelial cells infected with pathogenic bacteria. CXCL8 
(IL-8), a potent neutrophil chemoattractant, strongly activates 
neutrophil migration to infection sites through its receptors CXCR1 
and CXCR2 (29), while GRO1 (CXCL1) has been established as a key 

mediator in bovine mastitis pathogenesis (30, 31). The classic 
proinflammatory cytokines TNF and IL-1B amplify inflammatory 
signals via the NF-κB pathway (32), and CCL20 enhances mucosal 
immunity by recruiting Th17 cells (33). Our study found these factors 
significantly upregulated in E. coli-infected bovine mammary 
epithelial cells, likely due to robust LPS-TLR4-NF-κB pathway 
activation, where bacterial lipopolysaccharide (LPS) engages TLR4 to 
drive expression of downstream inflammatory mediators (TNF, 
IL-1B) and chemokines (CXCL8, GRO1, CCL20) (34, 35). In contrast, 

FIGURE 3

Protein-protein interaction (PPI) networks in different pathogenic bacterial infection groups. (A) Shows the PPI network of E1-, E2-, E3-, and E-shared 
genes in the Escherichia coli infection group, with IL6 as the central hub. (B) Displays the PPI network of S1-, S2-, S3-, and S-shared genes in the 
Staphylococcus aureus infection group, highlighting the key proteins RUVBL1, RUVBL2, and CCT5. (C) Presents the PPI network of ES1-, ES2-, ES3-, 
and ES-shared genes in the co-infection group, forming three distinct clusters with FBL and IL6 as core nodes.
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S. aureus infection preferentially upregulated distinct molecular 
signatures: ESM1 [an endothelial marker regulating vascular 
permeability via VEGF (36)], IL18RAP [indicating NLRP3 
inflammasome activation (37, 38)], the histone variant H1-6 [involved 
in chromatin remodeling (39)], and DNA replication initiator ORC1, 
demonstrating reliance on the IL18RAP-NLRP3-IL18 axis for cell-
mediated immunity alongside effects on epigenomic regulation, cell 
cycle progression, and vascular dynamics. Notably, during 
co-infection, IL6 replaced IL-1B among the top five upregulated genes, 
suggesting a shift toward IL6-STAT3 mediated inflammation (40). 
CCL20 recruits Th17 cells and dendritic cells through the CCR6 
receptor, activating mucosal immune defense (41). IL6 drives the 
differentiation of Th17 cells, forming a positive feedback loop with 
CCL20 to enhance antimicrobial peptide secretion (42). This 
establishes a “mucosal-systemic immune bridge” to cope with the 
special microenvironment of mixed infections. The persistent high 
expression of GRO1 indicates that the neutrophil response is doubly 
enhanced (43), which may exacerbate cell damage.

Additionally, we  analyzed the TOP5 downregulated DEGs in 
bovine mammary epithelial cells in response to pathogenic bacterial 
infection. DDIT4 regulates cellular autophagy and metabolism by 
inhibiting mTORC1 (44), while TOB2 modulates mRNA degradation 
(45). In our study, predominant downregulation of ECHDC3, DDIT4, 
and TOB2 in the E. coil group suggests Gram-negative bacteria 
reprogram host metabolism by suppressing fatty acid oxidation (46) 
and activating mTOR pathways, while simultaneously prolonging 
inflammatory cytokine mRNA half-life to amplify immune responses. 
The observed downregulation of NOXO1 [a NADPH oxidase 
component regulating ROS production (47)] and PCLO (a synaptic 
activity regulator involved in neural signaling) in the S group indicates 
potential bacterial strategies to minimize tissue damage by reducing 
ROS generation and modulating neuro-immune crosstalk to control 
local inflammation. Notably, the conserved downregulation of 
ABI3BP [an extracellular matrix regulator inhibiting cell migration 
(48–50)] and DDIT4 across both E and S groups reveals pathogen-
independent adaptive strategies involving Extracellular Matrix 
degradation and metabolic reprogramming. The ES group exhibited 
distinctive downregulation of SPARC [potentially accelerating tissue 
repair while increasing bacterial dissemination risk through impaired 
matrix remodeling (51)] and CAMK2A [disrupting epithelial 
barrier  function via calcium signaling interference (52)], 
collectively  establishing a unique “high-inflammation/low-repair” 
microenvironment. The persistent downregulation of TOB2 and 
PCLO in ES group further reinforces synergistic effects between 
sustained inflammatory signaling and suppressed neural regulation, 
presenting a non-additive gene regulatory pattern that identifies 
precise molecular targets for intervention in polymicrobial infections. 
These findings reveal conserved and pathogen-specific mechanisms 
of host cell reprogramming during mastitis progression.

Through comparative GO and KEGG enrichment analyses of the 
E. coli infection group, S. aureus infection group, and E. coli and 
S. aureus group, significant differences in molecular features among 
the three infection modes were observed. For the E. coli infection 
group, at the biological process (BP) level, the most prominent feature 
was the robust activation of the “cellular response to 
lipopolysaccharide,” directly reflecting the core mechanism by which 
E. coli triggers host immune responses via its characteristic LPS 
component. This process further initiated cascading reactions, 

including “neutrophil chemotaxis” and “chemokine-mediated 
signaling pathway,” aligning with the well-documented pathological 
hallmark of E. coli infection—massive neutrophil infiltration (53–55). 
Notably, the activation of the “antimicrobial humoral immune 
response mediated by antimicrobial peptides” suggested the 
simultaneous engagement of nonspecific defense mechanisms, 
forming a multi-layered immune protection network. In terms of 
molecular function (MF), the enrichment of “CXCR chemokine 
receptor binding” and “cytokine activity” stood out, providing a 
molecular interaction-based explanation for the execution of these 
biological processes. Importantly, these molecular functions perfectly 
corresponded to the neutrophil chemotaxis and inflammatory 
responses in BP, constituting a complete signaling cascade from 
recognition to effector response. KEGG pathway analysis further 
enriched our understanding. The enrichment of the “NF-κB signaling 
pathway” and “Toll-like receptor signaling pathway” confirmed the 
central role of the TLR4-NF-κB axis in E. coli recognition (56), while 
the activation of the “IL-17 signaling pathway” revealed the critical 
involvement of Th17 cell-mediated mucosal immune defense in this 
process (57). Interestingly, the enrichment of disease-related pathways 
such as “rheumatoid arthritis” and “transcriptional dysregulation in 
cancer” may imply pathological consequences resulting from 
prolonged or recurrent infections. These analytical results mutually 
corroborate, collectively delineating a comprehensive molecular map 
of E. coli infection: LPS activates the NF-κB pathway via TLR4, which 
leads to the massive secretion of pro-inflammatory cytokines and 
chemokines. This in turn results in neutrophil recruitment and 
activation, followed by antimicrobial peptide release and Th17 cell-
mediated mucosal immune defense. While this process effectively 
combats infection, it may also lead to tissue damage and chronic 
inflammation risks.

For the S. aureus infection group, at the molecular function (MF) 
level, the significant enrichment of energy metabolism-related 
functions such as “ATP hydrolysis activity” and “DNA helicase 
activity” indicated that various toxins secreted by S. aureus disrupted 
host cell energy metabolism, while host cells initiated DNA damage 
repair mechanisms in response to infection pressure (58). Additionally, 
the enrichment of “TFIID-class transcription factor complex binding” 
suggested that S. aureus may regulate host gene expression by 
interfering with basal transcriptional machinery, a strategy contrasting 
with E. coli’s direct activation of inflammatory pathways via TLR4. In 
the cellular component (CC) category, the marked enrichment of 
protein folding-related structures such as “chaperone complex” and 
“R2TP complex” implied that host cells were coping with protein 
misfolding stress induced by bacterial toxins, while S. aureus might 
exploit host chaperone systems to facilitate proper folding of its own 
proteins. Concurrently, the enrichment of multiple chromatin-
modifying complexes, including the “NuA4 histone acetyltransferase 
complex” and “MLL1 complex,” indicated that S. aureus infection 
might induce broad epigenetic modifications. These findings 
collectively outline the molecular signature of S. aureus infection: 
bacterial toxins disrupt host energy metabolism and protein 
homeostasis, which in turn activates chaperone systems and DNA 
repair mechanisms. This also interferes with transcriptional machinery 
and epigenetic regulation, ultimately leading to host cell dysfunction. 
Unlike the intense inflammatory response triggered by E. coli, 
S. aureus tends to achieve infection through “metabolic interference” 
and “epigenetic modulation.”
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In the case of co-infection by E. coli and S. aureus, host cells 
exhibit complex molecular response mechanisms. These mechanisms 
involve the recognition and response to pathogens, including the 
activation of cells’ responses to lipopolysaccharides and chemokines 
through pattern recognition receptors such as TLR4, as well as the 
subsequent inflammatory responses and immune regulation triggered. 
Host cells facilitate the chemotaxis and recruitment of neutrophils by 
activating CXCR chemokine receptor binding and chemokine activity, 
while also modulating inflammatory responses through NF-κB, TNF, 
and IL-17 signaling pathways. Additionally, host cells undergo 
metabolic reprogramming, reflected in the regulation of nucleic acid 
and macromolecule metabolic processes, as well as the activation of 
energy metabolism-related pathways such as glyoxylate and 
dicarboxylate metabolism and pyruvate metabolism. DNA damage 
and repair mechanisms are also activated, involving DNA helicase 
activity and nucleotide binding, while cell cycle and DNA replication 
initiation may be utilized by the host for cellular repair or exploited by 
the pathogens to promote their replication. These integrated responses 
constitute the host’s defense strategy against co-infection, aimed at 
clearing pathogens and repairing damage, but they may also pose risks 
of tissue damage and chronic inflammation.

Although qRT-PCR is frequently employed as a validation strategy 
for RNA-seq findings, a recent study indicates that RNA-seq 
methodologies and analytical pipelines were sufficiently robust and the 
routine qPCR validation was not obligation—though additional 
confirmation may still be  beneficial in specific contexts (59). 
Accordingly, this study relied exclusively on high-quality RNA-seq data 
obtained through rigorous experimental design, adequate sequencing 
depth, and stringent quality control measures, which can independently 
serve as a reliable scientific basis for drawing conclusions.

5 Conclusion

E. coli and S. aureus trigger distinct host immune responses—E. coli 
predominantly activates TLR4-NF-κB-driven inflammation, while 
S. aureus disrupts metabolic and epigenetic regulation. When E. coli 
and S. aureus co-infect, the host cell response becomes more complex, 
involving multiple aspects such as inflammatory responses, metabolic 
reprogramming, DNA damage and repair, and cell cycle regulation. 
These findings reveal pathogen-specific defense mechanisms and 
potential therapeutic targets for bacterial mastitis.
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