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Staphylococcus aureus (S. aureus), a common mastitis pathogen widespread in the

natural environment of dairy farms, is capable of invading mammary epithelial cells

making treatment difficult. However, the mechanism of the response of bovine mammary

epithelial cell to S. aureus invasion remains elusive. In this study, transcriptomic analysis

and bioinformatics tools were applied to explore the differentially expressed RNAs in

bovine mammary epithelial cells (bMECs) between the control and S. aureus-treated

group. A total of 259 differentially expressed mRNAs (DEmRNAs), 27 differentially

expressed microRNAs (DEmiRNAs), and 21 differentially expressed long non-coding

RNAs (DElncRNAs) were found. These RNAs mainly enrich the inflammatory response,

immune response, endocytosis, and cytokine-cytokine receptor interaction. qRT-PCR

was used to analyze the quality of the RNA-seq results. In particular, to the defense

mechanism of bovine mammary epithelial cells against intracellular S. aureus, the PPAR

signaling pathway and the genes (ACOX2, CROT, and NUDT12) were found to be

up-regulated to promote the production of peroxisomes and ROS, DRAM1 expression

was also up-regulated to facilitate the activation of autophagy, indicating that the above

mechanisms were involved in the elimination of intracellular S. aureus in bovine mammary

epithelial cells.

Keywords: Staphylococcus aureus, bovine mastitis, bovine mammary epithelial cells, transcriptome, microRNA,

LncRNA 3

INTRODUCTION

Staphylococcus aureus is a frequently isolated pathogen responsible for bovine mastitis (1). This
bacterial disease is economically significant in dairy cows, causing considerable economic losses
and a series of food safety concerns (2). Despite the tremendous progress in understanding the
pathogenesis of bovine mastitis, the disease remains an important issue in the dairy industry
worldwide (3, 4).

Related studies have shown that S. aureus invades and survives in bovine mammary epithelial
cells, in bMECs protected from host defenses, and in the bactericidal effect of some antimicrobials,
thus making the treatment of mastitis caused by S. aureus difficult and prone to recurrence
(5–7). Moreover, although S. aureus is resistant to serval antibiotics (8–10). The administration
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FIGURE 5 | Annotation of DElncRNAs using Gene Ontology (GO) in the mammary epithelial cells.

TABLE 3 | miRNA sequence quality.

Sample C1 C2 C3 T1 T2 T3

Group Control Control Control Treatment Treatment Treatment

Raw tag count 13935997 13916721 14223015 14965296 14386800 14745979

Clean tag count 12589674 12995887 13399505 14374700 13798302 14033353

Percentage (%) 90.34 94.38 94.21 96.05 95.91 95.17

Gene Ontology (GO) enrichment analysis showed
that 259 DEmRNAs were distributed into 83 GO terms
(Supplementary File 2) and divided into three categories
based on molecular function, biological process, and cellular
components (Figure 2). The top 10 enrichment GO terms, such
as the metal ion binding, integral component of the membrane,
extracellular exosome, intracellular, and extracellular space were
also significantly enriched.

The enrichment analysis of the KEGG pathway in DEmRNAs
is depicted in Figure 1C. The top 20 enriched pathways included
“Endocytosis,” “Cytokine-cytokine receptor interaction,” and
“PPAR signaling pathway,” which may be associated with
inflammation development. The relationship between these
pathways is reflected in Figure 1D.

The association in STRING includes direct (physical) and
indirect (functional) interactions. The PPI network (Figure 3)
showed that myeloid differentiation-factor 88 (MyD88) is a
central protein and interacts with multiple proteins.

Analysis of Differentially Expressed lncRNA
A total of 21 DElncRNAs were obtained (Supplementary File 3),
of which 13 were up-regulated and 8 were down-regulated

(P < 0.05 and | log2(fold-change) | > 1). Volcano plot showed
the DElncRNAs between the control group and treatment
groups (Figure 4A). The heatmap showed hierarchical clustering
for DElncRNAs in Figure 4B. A total of 288 DElncRNA
target genes were predicted. Figure 5 depicts 107 GO terms
(Supplementary File 4) from the GO analysis. The “integral
component of the membrane” term was the found to be
most significant enrichment. Figure 4C depicts the enrichment
analysis of the KEGG pathway in DElncRNA targets. Figure 8A
shows two common target genes (Supplementary File 5) from
DEmRNA and DElncRNA targets and KEGG enrichment
analysis of these genes is shown in Figure 8C.

Summary of miRNA Sequencing
The quality of six miRNA transcriptome sequence
expression profiles of mammary epithelial cells is presented
in Table 3. The data used for downstream analysis
was filtered.

A total of 27 DEmiRNAs were identified (P < 0.05 and |
log2(fold-change) |> 1) (Supplementary File 6) and the volcano
plot also shows these DEmiRNAs (Figure 6B). The heatmap
of the DEGs shows clustering of DEmiRNAs (Figure 6A).
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FIGURE 6 | Screening and enrichment analysis of differently expressed miRNAs (DEmiRNAs) in S. aureus infected mammary epithelial cells compared with

non-infected mammary epithelial cells. (A) Cluster analysis of DEmiRNAs in mammary epithelial cells between the control group and treatment group. (B) Volcano plot

of global DEmiRNAs in mammary epithelial cells between the control group and treatment group. (C) KEGG pathway classified annotation of DEmiRNAs in mammary

epithelial cells.

Figure 7 shows the predicted 784 target genes of DEmiRNAs
that enriched the 417 GO terms (Supplementary File 7). KEGG
pathway enrichment analysis of DEmiRNAs is shown in
Figure 6C, suggesting DEmiRNAs major role in the “Ras
signaling pathway,” “Endocytosis,” and “PI3K-AKT signaling
pathway”. There were 14 common target genes (BASP1,
RAB11FIP4, PIP5K1C, VAMP4, DHRS12, LBH, MOB3B,
ABO, FOXQ1, WDFY2, DYRK1B, NCKAP5L, TMEM59L,
LIMK1) from DEmRNA and DEmiRNA targets Figure 8B.

Figure 8D shows KEGG enrichment analysis of DEmRNA and
DEmiRNA targets.

Competitive Endogenous RNAs (ceRNAs)
Analysis
The ceRNAs network is shown in Figure 9 which reflects
the competitive endogenous relationships between DEmRNAs,
DEmiRNAs, and DElncRNAs.
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FIGURE 7 | Annotation of DEmiRNAs using Gene Ontology (GO) in mammary epithelial cells.

Confirmation of Gene Expression With
qRT-PCR
Nine differential expressed genes (PIDD1, DRAM1, TNFRSF18,
DEPDC5, TMEM102, TRIM32, CD36, CXCR1) were randomly
selected and quantified using qRT-PCR to confirm differentially
expressed genes in mammary epithelial cells obtained by RNA-
seq between the control and treatment group. The gene symbol
corresponding to all mRNAs is shown in Supplementary File 8.
PIDD1, DRAM1, TNFRSF18, and DEPDC5 were the up-
regulating genes while TMEM102, TRIM32, TNFRSF25, CD36,
and CXCR1 were down-regulating in the high-throughput RNA-
Seq. The expression of these genes was confirmed by qRT-PCR
(Figure 10).

DISCUSSION

Staphylococcus aureus often causes subclinical bovine mastitis
and persistent intramammary infections. Ineffective pathogen
clearance often leads to chronic and persistent infections (7).
Studies have shown that S. aureus invades udder epithelial
cells, which protects the pathogen from host defenses and
antibiotics (6). Thus, it is particularly important to understand
the response associated with bovine mastitis at a molecular level.
In this study, we performed a comprehensive assessment of the
whole transcriptomic profile of bMECs infected by S. aureus
intracellularly, it contributed to a more embedded understanding
of the transcriptome regulation behind this biological process.

Wang et al. investigated the transcriptional responses of
primary bovine mammary epithelial cells against three S.
aureus strains with different virulent factors using a tag-based
high-throughput transcriptome sequencing technique (24). Li
et al. identified functional miRNAs in bovine mammary glands

infected with S. aureus on Chinese Holstein cows using Solexa
sequencing and bioinformatics (25). Fang et al. compared the
expression of mRNAs and miRNAs at after 24 h of intra-
mammary infection (IMI) with high or low concentrations of
S. aureus (26). The current study mainly focused on the defense
mechanism of bMECs against intracellular S. aureus. Differences
were observed from the previous research from the experimental
designs to the conclusion.

Through the GO functional enrichment analysis for

DEmRNAs, functional molecular processes were found to

be related to the inflammatory response, immune response,
peroxisome, regulation of autophagy, and positive regulation

of ERK1 and ERK2 cascade. Related research showed that

peroxisomes play an indispensable role in the generation of

reactive oxygen species (ROS) (48). ROS is crucial in the
signaling and defense of biological organisms and can also
contribute to bacterial killing (49–51). Previous studies showed
that S. aureus induces bMECs triggering immune responses
and ROS production (52–54). Autophagy is a highly conserved
mechanism that maintains homeostasis by removing damaged
organelles and cytoplasmic proteins. It is also an immune
response pathway that can eliminate intracellular bacteria
(55–57). Bacterial infection induces autophagy and transports
bacteria to the lysosome for degradation by autophagosomes
(58, 59). The ERK1/2 signaling pathway has been shown to
respond to the autophagy regulation of intracellular pathogens
(60). KEGG pathway analysis identified several critical pathways,
such as endocytosis, cytokine-cytokine receptor interaction,
PPAR signaling pathway, and the inflammation mediator
regulation of TRP channels. Endocytosis is essential for the
entry of pathogens into cells and followed by its replication.
Bacteria use this mechanism to utilize the osmotic network of
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FIGURE 8 | Analysis of DElncRNA target genes and DEmiRNA target genes. (A) Venn map analysis of DElncRNA target genes and DEmRNAs. (B) Venn map analysis

of DEmiRNA target genes and DEmRNAs. (C) KEGG pathway classification for the annotation of two common target genes from the DEmRNAs and DElncRNA target

genes in mammary epithelial cells. (D) KEGG pathway classification for the annotation of 14 common target genes from the DEmRNAs and DEmiRNA target genes in

mammary epithelial cells.

the endocytic organelles to enter the cytoplasmic or replicating
site and reach the relevant intracellular compartment (61, 62).
Cytokine-cytokine receptor interaction is also reported to be
involved in clinical mastitis (63). Peroxisome proliferator-
activated receptor (PPAR) has anti-inflammatory effects
inevitably linked to inflammation (64). Studies have shown that
transient receptor potential (TRP) channels are associated with
various factors and mechanisms that can activate/modulate
inflammation through innate immunity (65, 66). They also
play a key role in S. aureus elimination from bovine mammary
epithelial cells.

In this study, some genes were up-regulated in the S.
aureus-treated bMECs, such as ACOX2 (acyl-CoA oxidase
2), CROT (carnitine O-octanoyltransferase), NUDT12 (nudix
hydrolase 12), and DRAM1 (DNA damage regulated autophagy
modulator 1). Among these, three genes (ACOX2, CROT,
and NUDT12) were enriched in peroxisomes. Additionally,

peroxisomes play an integral role in the production of
ROS. ROS levels acutely increased during cellular stress
and the process of bacterial killing. Many studies supported
the indispensable role of cellular stressors in regulating
the innate immune responses (51). A new study reported
that ROS can enhance macrophage antimicrobial activity
against intracellular S. aureus (67). In the S. aureus treated
group, DRAM1 expression was up-regulated. Moreover, in the
case of DRAM1 over-expression, autophagosome production
could be triggered by enriching DRAM1 on the Golgi
membrane (68). Besides, DRAM1 can affect autophagy by
the acidification of lysosomes, the fusion of lysosomes with
autophagosomes, and autophagosome clearance (69). However,
although autophagy has an antibacterial effect, there is evidence
that pathogens have developed several ways to evade this
mechanism (70). S. aureus can avoid autophagy clearance in
bMECs by impairing lysosome function (30). Which may be
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FIGURE 9 | Competitive endogenous relationships between DEmRNAs, DEmiRNAs, and DElncRNAs are shown.

FIGURE 10 | Expression levels of selected DEGs quantified by quantitative

reverse transcription-PCR (qRT-PCR). GAPDH, ACTB, and PPIA were used as

an internal control, and data are presented as fold change (N = 3 per group).

an important mechanism of S. aureus to evade the host’s
immune response.

Conversely, certain genes including CD36 (CD36 molecule),
CXCR1 (chemokine C-X-C motif receptor 1), BMP4 (bone
morphogenetic protein 4), and TNFRSF25 (TNF receptor

superfamily member 25) were down-regulated in S. aureus-
treated bMECs. CD36 is a transmembrane glycoprotein receptor
and contributes to the host’s innate defense against S. aureus. It
binds to TLR2 (toll like receptor 2) and recognizes the S. aureus
cell wall diacylglycerol, inducing phagocytosis and cytokine
production. In addition, CD36 expression on macrophages plays
a significant role in host control of inflammation and skin
damage during skin infection caused by S. aureus (71). Previous
studies showed that blocking cell surface CXCR1 expression
could be used as a beneficial treatment against S. aureus

infection by disrupting the balance between inflammation and

bacterial clearance (72). BMP4 facilitates leukocyte recruitment

and inflammation improvement (73). The down-regulation of

CD36, CXCR1, and BMP4 expression is not conducive to
eliminating the bacteria but may be beneficial for S. aureus to

evade its destruction.
Analysis of DElncRNA target profiles revealed that

DElncRNAs participate in the regulation of the “TNF signaling
pathway” and “NF-kappa B signaling pathway.” The pro-
inflammatory cytokine TNF plays a significant role in apoptosis,
cell proliferation, differentiation, necrosis, and cytokine
induction (74). Activation of NF-kappa B is thought to guide
the transcription of genes associated with inflammation and cell
death or survival (75).
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The integrated analysis identified DEmiRNA targets to be
related to the “mTOR signaling pathway,” “Endocytosis,” and
“PI3K-AKT signaling pathway”. PI3K regulates its downstream
effector’s activity through the AKT/mTOR/p70S6K signaling axis,
thereby altering the production of cytokines, and thus could
be a potential target for inflammatory diseases (76). Previous
studies have also shown that Bta-miR-145 expression was down-
regulated in udder tissues after S. aureus infection, consistent
with our research. It was also found that overexpression of Bta-
miR-145 significantly inhibited the proliferation of bMECs, and
also reduced the secretion of IL-12 and TNF-α, but increased the
secretion of IFN-γ (77). Therefore, the down-regulation of Bta-
miR-145 is conducive to the production of IL-12 and TNF-α, thus
inducing an immune response.

CONCLUSION

In the current study, we characterized the whole transcriptome
profiles of bovine mammary epithelial cells infected
intracellularly with S. aureus by RNA-seq. S. aureus invading
into bovine mammary epithelial cells can trigger the immune
responses, ROS production, and the expression of genes involved
in autophagy. These differentially expressed RNAs may be
critical in understanding the molecular mechanisms of S. aureus
to survive in bovine mammary epithelial cells. It thus provides
novel insights into the responses to bovine mammary epithelial
cells with intracellular S. aureus.
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