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Staphylococcus aureus (S. aureus) is one of the main pathogens causing mastitis in

dairy cows. The current work mainly focuses on the pathway of apoptosis induction in

MAC-T cells caused by S. aureus infection or other factors. However, the physiological

characteristics of S. aureus infected MAC-T cells and the resulting mRNA expression

profile remain unknown particularly in the case of diverse drug resistant strains.

Methicillin-resistant S. aureus (MRSA) and methicillin-susceptible S. aureus (MSSA)

strains were used to infect MAC-T cells to investigate this issue. The adhesion, invasion

and apoptosis ability of MRSA-infected group and MSSA-infected group was assessed

over time (2, 4, 6, 8, and 12 h). After 8 h, the RNA sequencing was conducted on

the MRSA-infected and the MSSA-infected with uninfected MAC-T cells as controls.

The results showed that the adhesion and invasion ability of MRSA-infected and

MSSA-infected to MAC-T cells increased and then decreased with infection time,

peaking at 8 h. The adhesion and invasion rates of the MSSA-infected were substantially

lower than those of the MRSA-infected, and the invasion rate of the MSSA-infected

group was nearly non-existent. Then the apoptosis rate of MAC-T cells increased

as the infection time increased. The transcriptome analysis revealed 549 differentially

expressed mRNAs and 390 differentially expressed mRNAs in MRSA-infected and

MSSA-infected MAC-T cells, respectively, compared to the uninfected MAC-T cells.

According to GO analysis, these differentially expressed genes were involved in immune

response, inflammation, apoptosis, and other processes. The Kyoto Encyclopedia of

Genes and Genomes (KEGG) analysis indicated the following pathways were linked to

adhesion, invasion inflammation and apoptosis, including AMPK, FOXO, HIF-1, IL-17,

JAK-STAT, MAPK, mTOR, NF-κB, p53, PI3K-Akt, TNF, Toll-like receptor, Rap1, RAS,

prion disease, the bacterial invasion of epithelial cells pathway. We found 86 DEGs

from 41 KEGG-enriched pathways associated with adhesion, invasion, apoptosis, and
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inflammation, all of which were implicated in MAC-T cells resistance to MRSA and

MSSA infection. This study offers helpful data toward understanding the effect of different

drug-resistant S. aureus on dairy cow mammary epithelial cells and aid in the prevention

of mastitis in the dairy industry.

Keywords: MRSA, MSSA, MAC-T cells, adhesion, invasion, apoptosis, transcriptome

INTRODUCTION

Mastitis is one of the most common diseases in dairy cows,
leading to reduced lactation and, in severe cases, septicemia,
gangrene, and the atrophy of udder, sometimes resulting in the
permanent loss of lactation capacity and serious economic losses
(1). Staphylococcus aureus is one of the main pathogens causing
mastitis in dairy cows (2). Mastitis induced by S. aureus infection
in dairy cows was characterized by immunosuppression,
subclinical signs, and a long incubation period compared to other
bacterial infections (3). In recent years, the misuse of antibiotics
has led to the emergence of a large number of drug-resistant
bacteria, and 70–90% of bacteria detected in the mastitis caused
by S. aureus infections exhibit resistance (4, 5). The methicillin-
resistant S. aureus (MRSA) is the most common drug-resistant
pathogen, and its propensity to develop resistance to multiple
antibiotics promotes S. aureus infections (6). Although much
of the attention has been focused on the methicillin-resistant
“variant” MRSA, the methicillin-susceptible counterpart (MSSA)
is still a major pathogen (7). Staphylococcus aureus isolated
from the bovine mastitis in Ningxia Hui Autonomous Region
of western China was characterized as multidrug-resistant (8).
The detection rate of MRSA was 14.7% in S. aureus infection
with subclinical dairy mastitis in China (9, 10). Biofilm formation
was considered to be a major contributor to antibiotic resistance,
and interestingly, both MRSA and MSSA have the ability to
form biofilms through polysaccharide intracellular adhesion and
adhesive matrix molecules (11, 12). However, the adhesion and
invasion in mammary epithelial cells by S. aureus has been
shown to be a key element in the pathogenesis of mastitis
(13). The ability of S. aureus isolated in bovine mastitis to
adhere to and invade bovine mammary epithelial cells has been
evaluated (14–17). Also, it was found that most intracellular S.
aureus were found in MAC-T cell membrane-bound vacuoles,
and perhaps this was one of the reasons for their escape from
antimicrobial drugs (18). Some MRSA enter the bovine udder
epithelium and evade the immune system, causing persistent
udder inflammation in cows (19). Moreover, these inflammatory
mammary glands exhibit a range of inflammatory features such
as tissue damage, cell death, cytokine production, and altered cell
proliferation and migration (20, 21).

After the cells were infected by S. aureus, they recognize
S. aureus through plasma membrane Toll-like receptor (TLR2)

Abbreviations:MAC-T, bovine mammary epithelial cell line; DEGs, differentially

expressed genes; FOXO, fork head box O; GO, gene ontology; IL, interstitial;

KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, mitochondria-

activated protein kinase; NF-κB, nuclear transcription factor kappa B; PI3K,

phosphoinositide 3-base enzyme.

and subsequently activate signaling pathways such as PI3K-
Akt pathway and mTOR pathway to mediate various cellular
responses such as apoptosis (22). In bovine mastitis tissue, TLR-
mediated pathways cause a series of immune responses (13). In
addition, the activated NF-κB was involved in regulating cell
proliferation and apoptosis processes and in the production of
inflammatory cytokines (23). More importantly, S. aureus can
activate Caspase 8 and Caspase 3 to induce MAC-T cell apoptosis
(24, 25). The transcriptome of S. aureus-infected MAC-T cells
in the exosome has been found to be involved in the signaling
pathways associated with bacterial infection (26). The pathogen-
specific differential regulation of miRNAs in S. aureus-infected
MAC-T cells has been previously demonstrated (27). However,
the physiological characteristics and mRNA expression of MAC-
T cells infected with diverse drug-resistant S. aureus are still
unknown. Therefore, in this study, we compared the ability of
MRSA and MSSA to adhere to and invade MAC-T cells and to
induce apoptosis. Meanwhile, based on the multiple pathways of
the adhesion invasion, apoptosis, andmastitis caused by S. aureus
infection, we compared the changes in the expression of MAC-
T cell-associated signaling pathways and in differential genes
between the MRSA-infected group and the MSSA-infected group
by transcriptome analysis. This study provides new data on the
mechanism of MAC-T cell infection by different drug-resistant
S. aureus.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Both MRSA and MSSA strains were provided from Lanzhou
Institute of Animal Husbandry and Pharmaceutical Sciences,
Chinese Academy of Agricultural Sciences and grown at 37◦C
in 5ml of Tryptone Soy Broth (TSB) medium (Beijing, Solarbio)
as literature described (9, 10). When its OD600 reached to 1.1,
MRSA and MSSA strains were collected by centrifugation at
8,000 r/min for 5min and re-suspended in Dulbecco’s Modified
Eagle Medium (DMEM) (Hyclone and Sigma) medium without
fetal bovine serum (FBS, BI, Israel), bacterial suspension diluted
to 107 CFU/ml with DMEM for infection of MAC-T cells.

Bovine Mammary Epithelial Cells Culture
The MAC-T cells were cultured in warm growth medium
consisting of DMEM (Hyclone and Sigma). It was supplemented
with 10% heat-inactivated FBS (BI, Israel). The cells were seeded
into 25 cm2 tissue culture flasks (Corning, China) and incubated
at 37◦C in a humidified incubator containing 5% CO2 until
fusion monolayer. The fused monolayers of MAC-T cells were
digested with 0.25% trypsin (Gibco, BRL) and inoculated onto
12-well cell culture plates. After 24 h of incubation at 37◦C with
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5% CO2, the cells were starved of DMEM without FBS for 2 h.
The cultured cells were used for subsequent experiments.

Adherence and Invasion Assays in MAC-T
cells
For the adhesion and the invasion assays, MRSA and MSSA
strains at 107 CFU/ml were co-cultured with confluent
monolayer of MAC-T cells (105 cells/ml) in DMEM without FBS
at a multiplicity of infection (MOI, ratio of S. aureus organisms
to cells) of 100:1 at 37◦C in 5% CO2 for various time periods (2, 4,
6, 8, and 12 h). Then, the supernatants were removed from each
well, and each well of cell’s monolayers was washed thrice with
phosphate buffered saline (PBS) (pH 7.4). For the invasion assay,
after S. aureus-infected MAC-T cells were washed thrice with 1
ml/well of PBS (pH 7.4), 1ml of gentamicin-containing medium
at a final concentration of 50 mg/ml was added and incubated
at 37◦C for 2 h to eliminate extracellular bacteria. Then the
supernatants were collected and plated on TSB to verify bacterial
killing by gentamicin. After the cell–culture medium containing
antibiotics were removed, MAC-T monolayers were washed 3
times with PBS. Finally, these treated cells were treated with
0.25% trypsin 0.1% Ethylene Diamine Tetraacetic Acid (EDTA)
(Gibco, BRL) and further lysis with Triton X-100 (Amersham,
USA). Then MAC-T lysates were serially diluted 10-fold, plated
on TSB and incubated overnight at 37◦C for detection the
number of adherent and invasive bacteria. The colony forming
units per milliliter (CFU/ml) of MRSA and MSSA in MAC-T
cells were determined by standard colony counting techniques.
Each strain and condition were tested in three independent
experiments (28).

The MAC-T Cells Apoptosis Assays
The flow cytometry was performed on MAC-T cells gated on the
basis of their forward and side light scatter with any cell debris
excluded from analysis. The cells in early apoptosis bind Anexin
V but exclude PI (Anexin V+ PI–), while the late apoptotic
processes or necrotic cells bind both Anexin V and PI (Anexin
V+ PI+), and the necrotic cells were only PI positive (Anexin
V– PI+). The apoptosis and necrosis of the uninfected,MRSA-
infected and MSSA-infected MAC-T cells were detected by
flow cytometry (BD LSRFortessaTM Cell Analyzer, 2010 BD,
USA) using the Anneix V-FITC Apoptosis Detection Kit
(Bioscience, China). The uninfected,MRSA-infected and MSSA-
infected MAC-T cells were incubated for various time periods
(2, 4, 6, 8, and 12 h), and then supernatants were removed from
each well. After that, the cell monolayers were washed thrice
with PBS, and treated with 0.25% trypsin 0.1% EDTA (Gibco)
for 3min. The obtained MAC-T cell suspension was centrifuged
at 800 g for 5min at 4◦C, and then re-suspended in 500 µl of
1X annexin-V binding buffer. Then 5 µl of annexin-V FITC
and 5 µl of PI were added to the binding buffer, and the cells
were incubated for 15min at room temperature free of light.
The MAC-T cells were treated with heat at 55◦C for 15min as
a positive control for apoptosis. Finally, these treated MAC-T
cells were rapidly detected by flow cytometry (BD LSRFortessaTM

Cell Analyzer, 2010 BD, USA). The data were analysis by BD
FACSDiva Software (28).

The RNA Extraction and RNA Sequencing
Total RNA was extracted from uninfected MAC-T cells, MRSA-
infected and MSSA-infected MAC-T cells for 8 h using the Trizol
(Invitrogen, USA) method. The RNA integrity was precisely
detected by 1% agarose gel electrophoresis and Agilent 2,100
bioanalyzer, and RIN numbers ranged from 9.5 to 10. Briefly,
mRNA was purified from total RNA by using poly-T oligo-
attached magnetic beads. The libraries were constructed by
synthesizing cDNA through reverse transcription, end repair and
splicing, and PCR amplification steps (29, 30). After the library
construction, an initial quantification was first performed using
a Qubit 2.0 Fluorometer, and sequencing was performed on
Illumina NovaSeq 6,000 platform (Illumina Inc., San Diego, CA)
after library inspection was qualified.

Sequence Data Quality Control and Reads
Mapping to the Reference Genome
To ensure the quality and reliability of the data analysis, it
is necessary to filter raw data, including the removal of reads
with connectors (adapter), the removal of reads containing N
(N indicates that the base information cannot be determined)
and the removal of low-quality reads (reads with Qphred-value
≤ 20 bases accounting for more than 50% of the entire read
length). The quality of the filtered data was assessed using fastp
(version 0.19.7). Finally, the index of the reference genome
(Bos_taurus_Ensemble_104) was built using Hisat2 (v2.0.5) and
paired-end clean reads were aligned to the reference genome
using Hisat2 (v2.0.5).

Differential Expression Analysis
The fragments per kilobase of exon model per million
mapped fragments (FPKM) of each gene was calculated using
the feature Counts v1.5.0-p3 in the subread software for
quantitative analysis. A differential expression analysis of three
conditions/groups (three biological replicates per condition) was
performed using the DESeq2 R package (1.20.0). The resulting
P-values were adjusted using the Benjamini and Hochberg’s
approach for controlling the false discovery rate. The p-value <

0.05 and |log2 (Fold change)| value > 1 were set as the threshold
for significantly differential expression.

Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes Enrichment Analysis
of Differentially Expressed Genes
The GO enrichment analysis of DEGs was implemented by the
cluster Profiler R package (3.8.1), in which gene length bias was
corrected. The cluster Profiler R package (3.8.1) was used to
test the statistical enrichment of differential expression genes in
KEGG pathways.

Protein–Protein Interaction Networks
Analysis of DEGs and Clustering Analysis
of DEGs
The Diamond software (0.9.13) was used to compare the target
gene sequence with the selected reference protein sequence,
and then the network was established according to the known
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TABLE 1 | The signaling pathway in which the DEGs were located.

DEGs Signaling pathways

PTGS2 IL-17 signaling pathway

TNF signaling pathway

NF-κB signaling pathway

VEGF signaling pathway

CPT1A PPAR signaling pathway

AMPK signaling pathway

ITGB3 PI3K-Akt signaling pathway

Rap1 signaling pathway

Focal adhesion

PLK4 FOXO signaling pathway

IRF7 NOD-like receptor signaling pathway

RIG-I-like receptor signaling pathway

Toll-like receptor signaling pathway

ATP8 Oxidative phosphorylation

Prion disease

BOLA-DQB S. aureus infection

Cell adhesion molecules

CTSC Apoptosis

ITGB3 Rap1 signaling pathway

PI3K-Akt signaling pathway

interaction of the selected reference species. We mapped the
interaction network of the screened 86 DEGs using STRING
(https://www.string-db.org/) and performed a cluster analysis of
these 86 DEGs.

Real-Time PCR
Based on the National Center for Biotechnology Information
(NCBI) gene sequences of β-actin (DQ838049.1, ATP8
(MH576698.1), CPT1A (NM_001304989.2), PLK4
(NM_001083427.2), IRF7 (BC151518.1), BOLA-DQB
(Y18201.2), CTSC (BC102115.1), PTGS2 (NM_174445.2),
ITGB3 (NM_001206490.3), the KEGG pathways in which these
DEGs were located shown in Table 1. Primers were designed
by Prime 5.0 software (Table 2), and the primer sequences
were compared by BLAST button in NCBI to verify the primer
specificity. β-actin was used as an internal reference gene.

The total cellular RNAwas extracted fromMRSA-infected and
MSSA-infected MAC-T cells for 8 h using the Trizol (Vazyme,
China) method. cDNA was obtained by reverse transcriptase
reagent according to the HiScript II 1st Strand cDNA Synthesis
Kit (+gDNA wiper. Vazyme. China) instructions. Reaction
system included 4 µl 4X gDNA wiper Mix, 1 µg template RNA,
RNase-free ddH2O to 16 µl, 42◦C for 2min, followed by the
addition of 4 µl 5X HiScript II superMix, 50◦C for 5min, 86◦C
for 5 s. We performed qRT-PCR using a LightCycler96 (Roche,
Switzerland) instrument, and water as a negative control. Each
reaction volume was 20 µl, including 10-µl SYBR Premix Ex
Taq II (2×), 0.4 µl of upstream primer (10mM), 0.4 µl of
downstream primer (10mM), and 4.0 µl of cDNA template (300
ng). The followed procedures were as follows: 300 s at 95◦C, 10 s
at 94◦C, 30 s at 57◦C, and 35 cycles of 20 s at 72◦C. We analyzed
the data using LightCycler R© 96 software (version 1.1.0.1320),

TABLE 2 | The sequence of primer used in this study.

Name Primer sequence (5-3′) NCBI no.

ATP8 Sense:

CGTGAACTGACAGTGATCTTATCAA

MH576698.1

Antisense: GGTTCCGAGAGGGAGACCTA

CTSC Sense: TTTGCATTTGCCAACATC BC102115.1

Antisense: TCTTGCTTCCATCATCCC

IRF7 Sense: ACGCCCATCTTTGACTTCG BC151518.1

Antisense: CACCAGGACCAGGCTCTTCT

CPT1A Sense: CCCCATAATCGTAGGAAG NM_001304989.2

Antisense: TTTGGAGAAGCAGCACTA

BOLA-DQB Sense: TGACCCTGGTGATGCTGA Y18201.2

Antisense: CGTCCCGTTGGTGAAGTA

PLK4 Sense: CTACGATTCCGCTCTGCT NM_001083427.2

Antisense: ATGTGCTTGCTGTCCCTC

PTGS2 Sense: GCCTGGTCTGATGATGTA NM_ 174445.2

Antisense: GATTAGCCTGCTTGTCTG

ITGB3 Sense: GACATCCTGGTGGTCTTGCT NM_001206490.3

Antisense: AAGTGCCCCTGTAGGTGATG

β-actin Sense: TCAACGGGAAGCTCACTGG

Antisense: CCCCAGCATCGAAGGTAGA

DQ838049.1

and the relative expression values of the genes were calculated
using the 2−11Ct method and the normalization method.

Western Blot.
After the MAC-T cells were infected by MRSA and MSSA for
different time periods, they were washed thrice with ice-cold PBS
and the proteins were extracted using high efficiency RIPA cell
lysis solution (Solarbio, China). The protein concentration was
determined using the BCA protein analysis reagent (Vazyme,
China). The equal amount of proteins (30µg) was separated from
each sample using 12% sodium dodecyl sulfate–polyacrylamide
gels (SDS–PAGE) and transferred to polyvinylidene fluoride
(PVDF) (GE Healthcare, Wasukesha, WI, USA). We performed
SDS–PAGE on two gels in the same electrophoresis machine
at the same time to ensure the reliability of the results.
The membranes were blocked with skimmed milk containing
0.05% Tween-20 (TBS-T) and then incubated with anti-PrP
(1:1,500, Abcam, UK), anti-p65 (1:1,000, Proteintech Group,
Inc.), anti-tumor necrosis factor α (anti-TNF-α) (1:1,000, Bioss,
China), anti-interleukin-6 (IL-6) (1:1,000, Bioss, China), anti-
Bcl-2 (1:5,000, ProteintechGroup, Inc.), anti-cleavage–Caspase-3
(1:1,500, Cell Signaling Technology, Danvers, USA), anti-P-NF-
κB-p65 (1:1,500, Proteintech, USA) and anti-Caspase3 (1:1,000,
Proteintech Group, Inc.) primary antibodies overnight at 4◦C,
with β-actin (1:5,000, Bioss, China) as control. The next day,
the membranes were washed thrice with TBST buffer for 30min.
After that, they were incubated with goat anti-rabbit IgG H&L
(HRP) (1:5,000, Bioss, China) for 2 h at room temperature, and
then exposed using chemiluminescence (Amersham Imager 600,
USA). The protein bands thus obtained was analyzed by AI600
software. We further analyzed the grayscale values of the protein
bands using Image J (version 1.53f51) software (31).
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FIGURE 1 | Adhesion and invasion rates in MRSA-infected group and MSSA-infected group. (A) The adhesion rate of MRSA-infected and MSSA-infected MAC-T

cells. (B) The invasion rate of MRSA-infected and MSSA-infected MAC-T cells.

Statistical Analysis
All the experiments were performed in triplicate, and the
representative data were obtained from three independent
experiments. Statistical analysis was performed using GraphPad
Prism 8. One-way analysis of variance (ANOVA) was used to
detect statistical differences between the control group and the
MRSA and MSSA treatment groups.

RESULTS

Adherence and Invasion to MAC-T Cells by
MRSA and MSSA
Both MRSA and MSSA were able to adhere to and invade MAC-
T cells at different degrees, but MRSA had a stronger ability to
adhere to and invade MAC-T cells. The results showed that the
adhesion rate of MRSA-infected MAC-T cells increased from
0.5% at 2 h to 20% at 8 h and then decreased to 11.4% at 12 h
(Figure 1A). Then the invasion rate increased from 0.3 to 4.0%
and then decreased to 3.1%. The adhesion rate of MSSA-infected
MAC-T cells increased from 0.3% at 2 h to 9.5% at 8 h and then
decreased to 2.4% at 12 h, and importantly, the invasion rate of
MSSA-infected MAC-T cells increased from 0.005 to 0.20% with
time but did not change significantly (Figure 1B).

The MRSA and MSSA Induced Apoptosis in
MAC-T Cells
Both MRSA-infected and MSSA-infected MAC-T cells were
assayed with fluorescently labeled membrane-linked protein V
(Annexin-V) and propidium iodide (PI). As showed in Figure 2,
both MRSA and MSSA were able to induce different degrees
of apoptosis in MAC-T cells. The apoptosis rate of MAC-T
cells tended to increase over time, with that of MRSA-infected
cells increasing from 7 to 13% and that of MSSA-infected cells
from 5 to 16%. Interestingly, the apoptosis rate of MRSA-
induced cells before 8 h was significantly higher than that of the
MSSA-infected. However, the apoptosis rate of MSSA-induced

group at 12 h was significantly higher than that of the MRSA-
infected group.

Analysis of Total DEGs in Both
MRSA-Infected and MSSA-Infected MAC-T
Cells
In this study, we selected differentially expressed genes through
two levels of multiple of difference (|log2 (Fold change) |> 1) and
significance level (p < 0.05) by DESeq2. There were 549 DEGs in
the MRSA-infected group, of which 332 genes were significantly
up-regulated and 217 genes were significantly down-regulated
(Figure 3A); there were 390 DEGs in the MSSA-infected group,
of which 257 genes were significantly up-regulated and 133 genes
were significantly down-regulated (Figure 3B). The 549 DEGs
of the MRSA-infected group were enriched in 274 signaling
pathways, with up-regulated genes enriched in 231 of these
pathways and down-regulated genes in 165 of them. The
390 DEGs of the MRSA-infected group were enriched in 241
signaling pathways, with up-regulated genes enriched in 199 of
these pathways and down-regulated genes in 144 of them. There
were 300 DEGs in both the MRSA-infected and MSSA-infected
MAC-T cells (Figure 3C).

The GO Analysis of Total DEGs
To fully analyze the cellular potential functional changes induced
by both MRSA and MSSA infection of cells, we performed
GO enrichment analysis of DEGs. As showed in Figures 3D,E,
the GO analysis of total DEGs helped further analyze the
differences in genes expression between the MRSA-infected
and the MSSA-infected MAC-T cells in terms of the following
three aspects: Biological processes, cellular components, and
molecular functions. With GO functional analysis, these DEGs
were mainly involved in cellular processes, developmental
processes, cell growth, localization, organization of cellular
components, cell death, metabolic processes and biological
regulation (Figures 3D,E).
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FIGURE 2 | The apoptosis rates of MRSA-infected and MSSA-infected MAC-T cells at different time periods. (A) The apoptosis rate of cells measured by flow

cytometry. Q1 indicates necrotic cells (Anexin V– PI+), Q2 indicates late apoptotic cells (Anexin V+ PI+), Q3 indicates surviving cells (Anexin V– PI–), and Q4 indicates

early apoptotic cells (Anexin V+ PI–). (a) The application of gating strategy in the analysis of MAC-T cell apoptosis. (b) The apoptosis rate of uninfected MAC-T cells.

(c)–(g) The apoptosis rates of MRSA-infected cells at different time periods (2, 4, 6, 8, and 12 h). (h)–(l) The apoptosis rates of MRSA-infected cells at different time

periods (2, 4, 6, 8, and 12 h). (B) The percentage of MRSA and MSSA induced apoptosis in MAC-T cells with time. *p < 0.05, **p < 0.01.

KEGG Enrichment Analysis of Associated
With Adhesion, Invasion Apoptosis, and
Inflammation
To explore the KEGG pathway linked to adhesion, invasion,
apoptosis, and inflammation, we screened 36 relevant KEGG
signaling pathways in the MRSA-infected group, and 41
relevant KEGG signaling pathways in the MSSA-infected group
(Figures 4A,B). The bacterial invasion of epithelial cells and
inflammatory mediator regulation of TRP channels were present
only in the MRSA-infected group; Apelin signaling pathway,
cell cycle, Fc epsilon RI signaling pathway, focal adhesion,
TGF-β signaling pathway, Th1 and Th2 cell differentiation,
and VEGF signaling pathway were present only in the MSSA-
infected group. There were 34 KEGG pathways in both the
MRSA-infected and MSSA-infected MAC-T cells, including
apoptosis, the bacterial invasion of epithelial cells, prion
disease, oxidative phosphorylation, cell adhesionmolecules, focal
adhesion, AMPK, FOXO, JAK-STAT, MAPK, PI3K-Akt, IL-
17, NF-κB, Rap1, RAS, TNF, HIF-1, Toll-like receptor and
Chemokine signaling pathway (Figures 4A,B). At the same
time, we found that MRSA and MSSA infection of MAC-
T cells could activate the prion disease pathway. A total
of 86 DEGs were screened from these KEGG pathways,
and the signal pathways of MRSA-infected and MSSA-
infected MAC-T cells were different. More importantly, the
genes expressed were different in the same signal pathway
(Table 3).

Enrichment Analyses of DEGs Associated
With Adhesion, Invasion, and Apoptosis
We selected 86 DEGs in the MRSA-infected and MSSA-infected
MAC-T cells, there were 68 DEGs in MRSA-infected group,
of which 48 genes were significantly up-regulated and 20
genes were significantly down-regulated. 64 DEGs were in
MSSA-infected group, of which 41 genes were significantly
up-regulated and 23 genes were significantly down-regulated
(Figure 4C). To compare the expression differences of the
same genes in the MRSA-infected and MSSA-infected groups,
we used the FPKM of differential genes as the expression
levels and used different colored regions to indicate different
clustering grouping information. The hierarchical clustering
analysis of DEGs is shown in Figure 4E. Then, we made
interaction network plots of the 86 DEGs and found a total
of 60 reciprocal nodes, and the genes with the strongest
interactions were PTGS2, CPT1A, FANS, SREBF1, and MMP9
(Figure 4D).

Results of RT-qPCR Validation Was in
Accordance With RNA-seq
To verify the reliability of the transcriptome results, we
randomly selected DEGs associated with adhesion, invasion,
apoptosis, prion disease, and inflammation for validation RT-
PCR (Table 1). The differentially expressed genes contained
in the MRSA-infected group included ATP8, CPT1A, PLK4,
IRF7, BOLA-DQB, CTSC, and those in the MSSA-infected
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FIGURE 3 | The functional enrichment analysis of total DEGs. (A) and (B) The volcano plots of total differentially expressed genes of MRSA-infected and

MSSA-infected MAC-T cells. Log2 |Fold change| >1 and p < 0.05 are the thresholds. Red plots represent up-regulated DEGs and green plots represent

down-regulated DEGs. (C) The Venn diagram of total differentially expressed genes. Purple represents MRSA-infected group. Yellow represents MSSA-infected

group. (D) and (E) The GO functional enrichment pathway of MRSA-infected and MSSA-infected MAC-T cells.

group included ATP8, PTGS2, CPT1A, ITGB3, IRF7, BOLA-
DQB. The RT-qPCR results were consistent with the RNA-
seq results (Figures 5A,B), indicating that the RNA-seq results
were reliable.

The MRSA and MSSA Activate the
Inflammatory Response of MAC-T Cells
and Induce Apoptosis
The MRSA and MSSA infection of MAC-T cells could activate
prion disease, apoptosis, and inflammation-related signaling
pathways. Therefore, we examined the expression levels of TNF-
α, IL-6, Bcl-2, cleaved-Caspase3, Phospho-p65, and PrP by
Western blotting. The results indicated that MRSA and MSSA
treatment of MAC-T cells increased the protein expression of
TNF-α, IL-6, cleavage–Caspase3, Phospho-p65, and PrP, and
then the protein expression of Bcl-2 appeared to decrease

slightly with the duration of infection (Figures 6A,B). In
the MRSA-infected group, the phosphorylated p65 and IL-
6 expression peaked at 2 h after infection, and there was no
significant difference in expression from 4 to 12 h compared
to 2 h. With the increasing MRSA-infected time, the protein
expression of cleavage–Caspase3 and TNF-α rose progressively
and peaked at 12 h. The level of Bcl-2 protein decreased as
infection duration increased, with the lowest expression at 8 h.
Then the expression of PrP increased throughout time, reaching
a peak of 3.5 times higher than that of the uninfected at
12 h (Figures 6A,C). In the MSSA-infected group, the protein
expression of phosphorylated p65 increased gradually with
increasing infection time, peaking at 12 h. The TNF-α expression
tended to rise with infection time, but showed a minor reduction
at 6 h after infection and subsequently surged again, peaking at
12 h. The cleavge-Caspase3 and IL-6 protein expression rose as
infection time increased, peaking at 12 h. With the increasing
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FIGURE 4 | The enrichment analysis of selected DEGs in MRSA and MSSA infection groups. (A) and (B) The KEGG enrichment analysis of selected DEGs in MRSA

and MSSA infection groups. (C) The Venn diagram of screening DEGs. Purple indicates MRSA-infected, yellow indicates MSSA-infected. (D) The interaction network

map of important DEGs. (E) The clustering of important differentially expressed genes. Red represents highly expressed genes and blue represents lowly expressed

genes.

infection duration, Bcl-2 expression declined steadily, with the
lowest expression at 12 h. The PrP expression was also 4.6
times higher in the experimental group than in the control
group (Figures 6B,D). Importantly, the MSSA-infected group
was higher in the expression of TNF-α, IL-6, and Bcl-2 compared
to the MRSA group. All these confirm that there were differences
in the mechanisms by which MRSA and MSSA activate cellular
immune responses and induce apoptosis.

DISCUSSION

Staphylococcus aureus can cause chronic mastitis in dairy
cows (2). Staphylococcus aureus infection can cause mammary
gland damage, impair antimicrobial immune response, promote
bacterial transmission, and it is frequently linked with mammary
gland death and the induction of apoptosis (32). One of themajor
reasons for persistent infection was the development of bacterial

resistance and the capacity to avoid identification by the host
immune system during the S. aureus-infected (19). The recent
researches have showed that the bacteria’s capacity to adhere
to cells was directly related to their pathogenicity. Importantly,
their adhesion to mammary epithelial cells was a critical stage
in invading host cells (13, 33, 34) and the invasion may protect
the bacteria from being eliminated by the immune system
and persist in chronically infected hosts (35). Furthermore, the
pathogen-targeted differential regulation of miRNAs in MAC-
T cells has been identified by transcriptome. The regulation
played a role in immunity and development, which verified the
involvement of mammary epithelial cells in the immune response
to invading pathogens (27). The differentially expressed genes,
mRNAs and lncRNAs in the transcriptional profile of exosomes
were discovered to be engaged in the signaling pathways
associated with bacterial invasion and adhesion, oxidative stress,
inflammation and apoptosis (26). To investigate how MAC-T
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TABLE 3 | KEGG pathway enrichment analysis of MRSA-infected and MSSA-infected MAC-T cells.

KEGG pathway Common gene Specific gene

MRSA specific genes MSSA specific genes

HIF-1signaling pathway IL6R CDKN1A/ANGPT4/

ALDOC

EDN1

RAS signaling pathway FLT3LG/KITLG/FGF21 ANGPT4

Apoptosis CTSC/ENDOG/BBC3/ ITPR2/PRF1

Bacterial invasion of epithelial cells DNM3

Chemokine signaling pathway CXCL5/CXCR5 CCL20

Prion disease ATP8/TUBB4A/CREB5 ITPR2 NDUFA12/UBE2L6/FZD8/PTGS2

Cellular senescence CCND3/BOLA/CCNE2/NFATC4/ SIRT1/ITPR2/

CDKN1A/BOLA-NC1

AMPK signaling pathway SCD/CPT1A/SIRT1/LIPE/CREB5/CD36 FASN/SREBF1

FOXO signaling pathway GABARAPL1 SIRT1/PLK4/CDKN1A CDKN2D

JAK-STAT signaling pathway CCND3/IL6R CDKN1A

MAPK signaling pathway AREG/FLT3LG/KITLG/CD14/FGF21 ANGPT4/RELB CACNA1E

PI3K-Akt signaling pathway CCND3/AREG/ITGB3/

CCNE2/LPAR5/CREB5

CDKN1A/ANGPT4

PI3K-Akt signaling pathway FLT3LG/KITLG/COL6A1/FGF21/IL6R/COL6A2

cAMP signaling pathway CREB5/LIPE/EDN2 ADRB2/EDN1

IL-17 signaling pathway MMP3/MMP1/MMP9 CXCL5/CCL20 PTGS2/CXCL5

NF-κB signaling pathway LTB/CD14/CARD14 TRIM25/TNFSF13B/

RELB

PTGS2

NOD-like receptor signaling pathway GABARAPL1/IRF7 GSDMD/ITPR2/

RNASEL

Toll-like receptor signaling pathway IRF7/CD14

Oxidative phosphorylation ATP8/ATP12A NDUFA12

Adherens junction NECTIN4

Cell adhesion molecules BOLA/BOLA-DQB/VTCN1 VSIR/BOLA-NC1

Focal adhesion CCND3/ITGB3/

COL6A1/COL6A2

Rap1 signaling pathway ITGB3/LPAR5/KITLG/FGF21/PFN2 ANGPT4 SKAP1

TNF signaling pathway MMP3/CREB5/CXCL5/MPP9 CCL20 PTGS2/EDN1

cells resisted the infection by different drug-resistant S. aureus
strains, we assessed the similarities and differences in the ability
to adhere to, invade and induce apoptosis in MAC-T cells by
MRSA and MSSA using transcriptome.

This study found that both MRSA and MSSA could adhere
to and invade MAC-T cells at different degrees, with MRSA had
a stronger ability to adhere to and invade MAC-T cells. It has
been demonstrated that various strains have different abilities
to adhere to and invade cells (28). In this study, the adhesion
and invasion rates of MRSA-infected MAC-T cells gradually
increased with time, peaking at 8 h and then declining. The
decline was most probably caused by the prolonged bacterial
action on cells, which led to cell and bacterial apoptosis. As
a result, both adhesion rate and invasion rate decreased. This
was in general consistent with the results of other studies where
the number of bacteria surviving inside the cells decreased over
time (28). Furthermore, the adhesion and the invasion rate of
MSSA-infected MAC-T cells were significantly lower than that of
MRSA-infected MAC-T, and the invasion rate of MSSA-infected
MAC-T cells did not vary significantly over time. KEGG analysis

indicated that the MSSA-infected group lacked an enrichment
pathway for bacterial invasion of epithelial cells. However, in
the MRSA-infected group, this pathway was present, and the
DNM3 expression gene was up-regulated. Although the bacterial
invasion of epithelial cells pathway was also present in the
studies on exosomal transcriptional profiling, CD2AP of DEGs
was different from the gene in present study (26). These results
suggested that CD2AP and DNM3 genes were associated with
the resistance to different S. aureus infection. The results are
consistent with the persistence of small colony variants of S.
aureus in bovine mammary epithelial cells (36). The signaling
pathways linked to MRSA-infected group and MSSA-infected
group adhesion included adherens junction (NECTIN4), cell
adhesion molecules (VSIR, BOLA, BOLA-NC1, VTCN1), Focal
adhesion (CCND3, ITGB3, COL6A, COL6A2), Rap1 signaling
pathway (ITGB3, LPAR5, KITLG, FGF21, PFN2, ANGPT4,
SKAP1), among which VSIR, BOLA-NC1, and ANGPT4 were
unique DEGs in MRSA-infected group, and CCND3, ITGB3,
COL6A1, COL6A2, and SKAP1 were unique DEGs in MSSA-
infected group. The cell adhesion pathway in S. aureus infection
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FIGURE 5 | The comparison of the relative expression of DEGs screened by RT-qPCR and RNA-seq for the MRSA-infected and MSSA-infected groups. (A) RT-qPCR

to detect the relative expression of DEGs screened from the MRSA-infected group. (B) RT-qPCR to detect the relative expression of DEGs screened from the

MSSA-infected group.

was similar to that in other studies, but the DEGs were different
(27). The difference in these specific DEGS might be one of the
important reasons for the different adhesion rates of MRSA-
infected group and MSSA-infected group.

The ability of MRSA and MSSA to induce apoptosis in MAC-
T cells was detected by flow cytometry. The results revealed a
significant difference in the induction of apoptosis by MRSA and
MSSA. Interestingly, the ability of MRSA to induce apoptosis was

stronger than that of MSSA before 8 h, while the ability of MSSA
to induce apoptosis at 12 h was stronger than that of MRSA.
This result suggested that MRSA invasion and colonization in
cells might be one of the reasons for the decrease of MRSA
activity and the decrease of apoptosis rate, and other authors have
also supported this conclusion (28). Under certain conditions,
the infection with different drug-resistant S. aureus induced the
apoptosis of MAC-T cells in a time-dependent manner, and
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FIGURE 6 | The effects of MRSA-infected and MSSA-infected MAC-T cells on the expression levels of TNF-α, IL-6, Bcl-2, cleavage–Caspase3, Phospho-p65 and

PrP. (A) and (B) The MRSA-infected group and MSSA-infected group on the expression levels of TNF-α, IL-6, Bcl-2, cleavage–Caspase3, Phospho-p65, and PrP by

Western blotting. (C) and (D) Gray-scale analysis of MRSA-infected group and MSSA-infected group.

this was consistent with the study on the early apoptosis of
primary mammary epithelial cells induced by S. aureus infection
(25). Furthermore, different bacterial activity may induce cell

apoptosis at different degrees (37), which demonstrates that
the induction of MAC-T cells apoptosis in by MRSA and
MSSA were also different. S. aureus, the major pathogenic
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microorganism, derived from lipoteichoic acid (LTA) has been
identified to activate inflammatory responses, and LTA enhanced
the messenger RNA (mRNA) expression, the production of
TNF-α and IL-6 (38). In this study, MAC-T cells were treated
with MRSA and MSSA at different time points: The expression
of TNF-α, IL-6, phosphorylated p65, and cleaved-Caspase3
expression varies with the time of infection. Importantly, the
protein expression of phosphorylation level of p65 was higher
in the MRSA-infected group compared to the MSSA group.
In addition, the expression of TNF-α at 12 h was higher in
the MSSA-infected group than in the MRSA-infected group.
These results indicated that the inflammatory response and
apoptosis of MAC-T cells activated by MRSA and MSSA were
different. We screened 36 KEGG signaling pathways associated
with apoptosis and inflammation by the transcriptome, these
important pathways included Toll-like receptor, PI3K-Akt, NF-
κB, NOD-like receptor, RAS, MAPK, AMPK, FOXO, JAK-STAT,
and apoptosis pathway. Toll-like receptor pathway plays an
important role in immune regulation and cellular recognition
of bacterial infections (39). After S. aureus infection of cells,
cells recognize S. aureus via the plasma membrane TLR2. This
results in increased levels of, cytokines, soluble CD14 and
lipopolysaccharide-binding protein (LBP) during recognition,
and in the activation of PI3K/Akt-mTOR signaling pathways,
which mediate various cellular responses such as inflammation
and apoptosis (21). Similarly, the CD14 expression in the Toll-
like receptor pathway was also up-regulated in this study,
and CD14 can help specific TLRs bind ligands, triggering
multiple kinase recruitment signals that eventually participate
in the NF-kB, PI3K-Akt, and JAK-STAT signaling pathways
(40). The PI3K-Akt pathway was intimately related to cell
metabolism, survival and reproduction (41). The LTA of S.
aureus can trigger the inflammatory response via the PI3K-AKT
signaling pathway, whereas miR-23a inhibits the inflammatory
response by targeting PI3K (38). In the PI3K-AKT pathway of
the MRSA-infected group, CDKN1A expression was increased
whereas ANGPT4 expression was down-regulated in this study.
In contrast, CDKN1A and ANGPT4 genes were absent in the
MSSA-infected group. However, the relevance of these two genes
in cellular resistance to bacterial infection was controversial.
Among the several inflammation-related signaling pathways, the
NF-κB pathway was regarded as particularly significant; activated
NF-κB was involved in the regulation of cell proliferation and
apoptosis, and in the generation of inflammatory cytokines (42,
43). Furthermore, recent research has revealed that activated
NF-κB pathway could trigger as an upstream activator of the
NOD-like receptor pathway (43, 44). Then CTSC, ENDOG,
BBC3, ITPR2, and PRF1 were among the apoptosis pathway
found to be differentially changed in this study. Also, ITPR2
and PRF1 in apoptosis pathway were only found in the MRSA-
infected group and were not found in the MSSA-infected group.
The different rates of apoptosis induction by MRSA and MSSA
could be attributed to these discrepancies in DEGs. In fact,
the bacterial induction of apoptosis does not activate a single
signaling pathway on its own. On the contrary, each signaling
pathway interacts with the others to help the cell resist bacterial
infection. Finally, S. aureus induces MAC-T cell apoptosis via

caspase8 associated with the FAS–FADD death receptor and the
apoptosis executor Caspases3 (24, 25). More importantly, it was
also worth noting that MRSA and MSSA infection of MAC-T
cells was capable of activating the prion disease pathway. The
misfolding of cellular prion protein (PrPC) into scrapie isoform
of prion protein (PrPSc) in organisms, and it was accumulated
in neural cells, which led to the development of prion disease
(45, 46). The PrPC was encoded the prion protein gene (PRNP)
that was a highly conserved and widely expressed cell surface
glycoprotein in all mammals (47, 48). The PrPC has been found to
function in a variety of cellular pathways and signaling processes
throughout the body in humans and animals (49). The PRNP
was involved in cell adhesion and anti-apoptosis mechanisms
(50, 51). Furthermore, PrPC also played a role in the process
of bacterial infection. Helicobacter pylori infection led to the
upregulation of gastric PrPC expression (52). The PrP-knockout
mice showed a considerable decrease in a streptococcal sepsis
with respect to colony counts from the spleen and peripheral
blood (53). Also, Brucella abortus was capable of interacting
directly or indirectly with cellular prion protein on macrophages
(54). Mycobacterium bovis infection led to a gradual increase in
PRNP mRNA level, and PRNP disruption significantly increased
the rate of apoptosis in BV2 microglia infected with M. bovis
(55). In this study, MAC-T cells were treated with MRSA
and MSSA at different time points, and the expression of PrP
was significantly increased at 12 h. These results indicated that
the PRNP might be involved in cellular resistance to bacterial
infection. In summary, the physiological properties of adhesion
and invasion and apoptosis of MAC-T cells were considerably
different by different drug-resistant S. aureus infection.

CONCLUSIONS

The MRSA had a stronger ability to adhere to and invade MAC-
T cells than MSSA, especially the invasion ability. The ability
of MRSA to induce apoptosis before 8 h was stronger than that
of MSSA, whereas the ability of MSSA to induce apoptosis
after 8 h was stronger than that of MRSA. We analyzed 41
KEGG pathways associated with adhesion, invasion, apoptosis,
and inflammation by transcriptome and got 86 DEGs from them
in MAC-T cells resistance to different drug-resistant S. aureus
infections. The data obtained in this study would be useful in
understanding the mechanisms by which MAC-T cells resist
different drug-resistant S. aureus infections.
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