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Purpose: Streptococcus agalactiae is one of the primary pathogens responsible for subclinical mastitis, a significant economic burden 
for dairy farms. An essential component of the immune response to infection is ubiquitination, which plays important roles in the 
complex interactions between the pathogen and host.
Materials and Methods: In the present study, quantitative ubiquitylomics was performed to profile changes in the global 
ubiquitinome of bovine mammary gland epithelial cells (BMECs) infected with S. agalactiae.
Results: The most notable changes in the BMEC ubiquitinome were related to the adherens junction, ribosome, and tight junction 
pathways. Ubiquitination of CTNNB1, EGFR, ITGB1, CTNNA1, CTNNA2, CDH1, YES1, and SLC9A3R1 appears to be funda-
mental for regulating multiple cellular processes in BMECs in response to S. agalactiae infection. In addition, broad ubiquitination of 
various effectors and outer membrane proteins was observed. Ubiquitinated proteins in S. agalactiae-infected BMECs were associated 
with regulating cell junctions in the host, with potential implications for susceptibility to infection.
Conclusion: The preliminary findings suggest that extensive ubiquitination of CTNNB1, CDH1 and SLC9A3R1 and proteins closely 
related to cell junctions might play an important role in mastitis progression in dairy cows. The results provide evidence that ubiquitin 
modification of certain proteins in S. agalactiae-infected BMECs could be a promising therapeutic strategy for reducing mammary 
gland injury and mastitis.
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Introduction
Mastitis is characterized by inflammation of the mammary gland. In dairy cows, Streptococcus agalactiae (S. agalactiae) 
is the predominant causative agent of subclinical mastitis, which negatively affects animal welfare, milk quality, and 
dairy profitability in addition to increasing the use of antimicrobials.1 Since S. agalactiae is widespread, many strategies 
have been tested for eliminating the predisposing factors such as environmental modification, feeding, milking equip-
ment, rapid tests for diagnosing subclinical mastitis, antibiograms, treatments during the dry period, etc. A major 
challenge is that the mechanisms underlying protection against mastitis and its progression have not been fully identified.

Several studies have sought to improve the detection of subclinical mastitis by identifying and quantifying biomarkers 
that reflect host-pathogen interactions and associated defensive molecular mechanisms. A potential target for biomarker 
development is ubiquitination, a common posttranslational modification (PTM) that enables rapid proteomic responses to 
environmental changes.2 Ubiquitination regulates vital cellular functions, including protein degradation, cellular differ-
entiation, transcriptional regulation, and induction of the synthesis of specific proteins.3 Upon bacterial infection, the 
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ubiquitin (Ub) system plays a central role in protecting the nucleus by modifying bacterial effector proteins.4,5 Once 
nuclear factor-κB (NF-κB) is activated, ubiquitination induces an inflammatory response to inhibit bacterial proliferation. 
Modification by Ub marks bacteria for elimination by proteasome-, phagolysosome-, and autophagosome-regulated 
degradation pathways.6 Ubiquitylation also regulates numerous cellular functions, including protein-protein interactions, 
signal transduction, receptor internalization, and subcellular localization of biomarker proteins.7 A recent study revealed 
that in infected epithelial cells, a small number of Salmonella escape the vacuoles and enter the cytosol, labeled with 
a thick Ub coat.8 However, the proteins responsible for recognizing and ubiquitinating bacteria during mastitis have not 
been fully identified, and the ubiquitination sites on the surface of S. agalactiae remain unclear.

Improvements in mass spectrometry (MS)-based proteomics approaches for characterizing endogenous ubiquitinated 
peptides9–11 have facilitated protein ubiquitination detection and quantification. Nonetheless, efforts to characterize 
protein changes in milk, mammary gland epithelial cells, and tissues during clinical or subclinical mastitis have yielded 
inconclusive results, and no biomarker or method for detecting subclinical mastitis in the early stages with high accuracy 
and precision is available. While ubiquitylomics has been utilized effectively to evaluate stimulus-dependent changes in 
the cellular ubiquitinome6 comprehensive information on the cell ubiquitinome upon S. agalactiae infection is lacking.

To address these gaps, we utilized ubiquitylomics to systematically and quantitatively assess the changes in the 
ubiquitinome of S. agalactiae-infected bovine mammary gland epithelial cells (BMECs). The results represent an 
unparalleled resource of Ub-modified targets and changes in S. agalactiae-infected BMECs that can be used in future 
studies of milk synthesis, mammary biology, and immune regulation in the mammary gland and to establish new 
biomarkers for the early diagnosis of subclinical mastitis.

Materials and Methods
Cell Culture and S. agalactiae Infection
Primary BMECs were cultured as previously described12 in Dulbecco’s modified Eagle’s medium/F-12 (DMEM/F-12, 
Gibco) supplemented with 15% fetal bovine serum (FBS, Gibco), 100 U/mL penicillin, and 100 μg/ mL streptomycin at 
37 °C in a humidified atmosphere of 5% CO2. The Beijing University of Agriculture Animal Care and Use Committee 
(BUA2021017, Beijing, China) approved the experimental procedures. All the bovine mammary epithelial cells were 
used in the present study after three passages. Cells were grown in 6-well plates (1x106 cells/well) to ~80% confluence 
and then infected with S. agalactiae (CVCC 3940) at a multiplicity of infection (MOI) of 50 for 6 h to characterize the 
ubiquitinome of S. agalactiae-infected BMECs. Cells without S. agalactiae infection were used as the control group. Each 
group had three biological replicates. As reported in our previous study, the cells were harvested at specific time points in 
denaturing lysis buffer and pooled in equivalent proportions depending on protein concentration.13

Protein Extraction and Digestion
BMECs were sonicated three times on ice using a high-intensity ultrasonic processor (Scientz) in lysis buffer (8 M urea, 
1% protease inhibitor cocktail, 50 μM PR-619). After removing debris by centrifugation at 12,000 g and 4 °C for 10 min, 
the protein concentration in the supernatant was analyzed with a BCA kit (Beyotime) following the manufacturer’s 
instructions. Equal quantities of each sample were enzymatically hydrolyzed, and the volume was adjusted to be 
consistent with the lysate. Pre-cooled trichloroacetic acid (TCA) was gradually added to the samples to a final 
concentration of 20% to precipitate protein, followed by vortexing to mix and incubation for 2 h at 4°C. The precipitates 
were collected by centrifugation at 4500 g for 5 min at 4°C. The precipitated proteins were washed three times with cold 
acetone by centrifugation for 5 min at 4500 g and 4°C. After drying the precipitate, TEAB was added at a final 
concentration of 200 mM, and sonication was performed multiple times on ice by a high-intensity ultrasonic processor 
(Scientz, Ningbo, China). Next, trypsin was added at a trypsin/protein mass ratio of 1:50 and incubated overnight. 
Disulfide bonds were reduced by incubation with 5 mM DTT for 30 min at 56°C, followed by alkylation with 11 mM 
indole-3-acetic acid (IAA) for 15 min at room temperature protected from light. Finally, the peptides were desalted with 
a Strata C18 SPE column (Phenomenex), and the peptide concentration was measured with a NanoPhotometer 
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(IMPLEN). Equal quantities of each peptide sample were dried by vacuum centrifugation; 2 mg of the peptide was 
required for ubiquitination analysis.

Lysine Ubiquitylated Peptide Enrichment
The tryptic peptides were dissolved in NTEN buffer (100 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 0.5% NP-40, pH 
8.0) and incubated with prewashed anti-K-e-GG beads (PTM-1104; PTM Biolabs, Hang-zhou, China) at 4°C overnight 
with moderate shaking. After washing four times with NTEN buffer and twice with ddH2O, the beads were eluted with 
0.1% (v/v) trifluoroacetic acid, and the eluates were vacuum-dried. The peptides were then desalted with C18 ZipTips 
(Millipore, Billerica, MA), following the manufacturer’s instructions.

LC-MS/MS Analysis
The liquid chromatography-tandem mass spectrometry (LC-MS/MS) equipment comprised a NanoElute UHPLC system 
linked to a hybrid trapped ion mobility spectrometry–quadrupole time of flight mass spectrometer (timsTOF Pro, Bruker 
Daltonics, Bremen, Germany) via a nanospray electron ionization source. The C18 reversed-phase column (Thermo 
Scientific Easy Column) was equilibrated with buffer A (2% acetonitrile and 0.1% formic acid) and loaded with peptide 
sample in buffer A via an autosampler. Buffer B was 100% acetonitrile and 0.1% formic acid, and the flow rate was 300 
nl/min. Peptides were eluted with a linear gradient from 7 to 24% B in 42 min, followed by an increase to 32% B in 12 
min and a subsequent increase to 80% in 3 min; 80% B was then maintained for 3 min. The fraction of buffer B was 
increased to 95% within 1 min, followed by washing and column equilibration with buffer A for 15 min to regenerate the 
column for the next sample. The peptides were isolated by the ultra-performance liquid phase system and subsequently 
infused into the capillary ion source for ionization and analysis by timsTOF Pro mass spectrometry. The peptides were 
ionized at an applied voltage of 1.6 kV. The peptide parent ions and their secondary fragments were detected and 
analyzed using high-resolution TOF. The MS information was obtained using a data-dependent top 10 method that 
dynamically chose the most abundant precursor ions from the survey scan (400–1500 m/z) for Online Parallel 
Accumulation–Serial Fragmentation (PASEF) mode. 10 PASEF were gathered after each full scan to collect the mass- 
to-charge ratios of the peptides and peptide fragments, and the parent ion was identified by a charge number in the 0–5 
range by secondary mass spectrometry. The target value was determined based on predictive Automatic Gain Control. 
The dynamic exclusion time was 30s.

Ubiquitination Motif Analysis
Potential ubiquitination motifs were identified as described previously by Zhu et al by applying Motif-x14 to the 
ubiquitinome data of S. agalactiae-infected BMECs. 20-mer peptides comprising the ten upstream and downstream 
residues flanking the ubiquitination sites were acquired for internal ubiquitination sites. If the protein ubiquitination site 
was at the N- or C-terminus, the ubiquitinated peptide was supplemented with 10-mers with the required number of “x” 
rather than any amino acid. The parameters were “pre-aligned”, central K, width = 21, occurrences = 20, and significance 
= 0.000001, and the protein sequences of Bos taurus in UniProt were uploaded as the background.

Sequence Database Searching and Data Analysis
MaxQuant (version 1.6.15.0) was used to analyze the MS data. The MS data were searched against 37,512 sequences 
from Uniprot_Bos_taurus_9913_PR_20201217.fasta to identify proteins and ubiquitination sites from tandem mass 
spectra; reverse decoy, and common contaminant protein sequences were utilized as false-positive controls. Trypsin/P 
was the cleavage enzyme, and up to 4 missing cleavages were permitted. The minimum peptide length was set at 7, and 5 
modifications per peptide were permitted. The mass error was set to 20 ppm for precursor ions, and the fragment ion 
tolerance was set to 0.02 Da (Supplementary Figure 1, 2 and 3A-B). Carbamidomethylation (C) was set as a fixed 
modification, while oxidation on methionine and ubiquitination on lysine and N-terminal methionine were variable 
modifications. The false discovery rate (FDR) threshold for identifying proteins, peptides, and modification sites was set 
to 1%. All other parameters were set to their default values in MaxQuant. Potential Kub sites with a localization 
probability of less than 75% and reverse or contaminant sequences were omitted.
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Western Blot
Western blot analyses were performed as previously described (35). Briefly, cells were washed 3 times with PBS and lysed at 
4°C in RIPA buffer (P0013C, Beyotime Biotechnology) containing phenylmethylsulfonyl fluoride (0.5 mM, ST506, Beyotime 
Biotechnology), aprotinin (5 μg/mL, A1153, Sigma-Aldrich), and leupeptin (5 μg/mL, L2884, Sigma-Aldrich). 
Approximately 50 μg of protein was separated by 8% SDS-PAGE and blotted onto a nitrocellulose membrane. The membrane 
was blocked with 5% skim milk in Tris-buffered saline with 0.05% Tween 20 for 1 h at room temperature and then incubated 
overnight at 4°C with primary antibodies at the following dilutions: p65 (1:1000 dilution; 6956), p38 (1:1000 dilution; 
14,451), JNK (1:1000 dilution; 9252), p-p38 (1:1000 dilution; 9215s), p-JNK (1:1000 dilution; 9251), p-ERK1/2 (1:1000 
dilution; 4370T) and β-actin (1:1000 dilution; 4970, Cell Signaling Technology). The blots were then incubated for 1 h at room 
temperature with the appropriate secondary antibodies conjugated to horseradish peroxidase (1:2000 dilution; ZSGB-Bio). 
Proteins were visualized using an enhanced chemiluminescent detection reagent (6683, Signaling Technology). Densitometric 
analysis was performed with Image-J software, and target protein expression was normalized to β-actin expression.

Statistic and Bioinformatics Analysis
Results are presented as the mean ± standard error of the mean of triplicate samples in each experimental group. 
Statistical analyses were performed in GraphPad Prism 6 (GraphPad Software Inc.). For Western blots, the statistical 
significance of differences was assessed using Student’s t-test. Differences were considered significant at P < 0.05.

Online tools (http://bioinformatics.psb.ugent.be/webtools/Venn/) were used to create a Venn diagram plotting the 
overlap of proteins and peptides among the three biological replicates. Comparisons were performed using the relative 
ubiquitination abundance, which was determined by dividing the intensity of an individual peptide by the mean intensity. 
Only ubiquitinated peptides with consistent fold changes in at least two of the three replicates were considered. Proteins 
or peptides were considered differentially expressed when the difference in abundance among samples was > 1.5-fold. 
Wilcoxon analysis was used for comparisons, and P < 0.05 was considered statistically significant. P values were 
corrected for the FDR in each dataset. Protein pathways were annotated using the Kyoto Encyclopedia of Genes and 
Genomes (KEGG, http://www.kegg.jp/) database. InterPro (http://www.ebi.ac.uk/interpro/) was utilized for protein 
domain annotation. WoLF PSORT (PSORT/PSORT II, http://www.genscript.com/wolf-psort.html) was used for subcel-
lular localization prediction. The protein sequences in the Bos taurus database served as the background database 
parameters. Secondary structure types were determined for Kub (ubiquitinated lysine) positions using NETSURFP 
(version 1.1). For category enrichment, Fisher’s exact test was utilized with P < 0.05. Functional interaction network 
analysis was performed using STRING software and visualized by Cytoscape (version 3.4.0). Bioedit (version 7.2.5) was 
utilized for sequence alignments with Bos taurus.

Results and Discussion
Large-scale profiling of ubiquitination sites in S. agalactiae-infected BMECs

To comprehensively identify lysine ubiquitinated (Kub) sites in BMECs infected with S. agalactiae, we extracted 
proteins from BMECs infected with S. agalactiae (MOI 50:1, 6 h) and from cells that were not infected as described 
in our previous study.12 Protein ubiquitination was quantified by combining label-free immunoaffinity enrichment 
with high-resolution mass spectrometry and a high-quality anti-K-ε-GG antibody (PTM Biolabs). Briefly, after 
trypsin digestion, Kub-containing peptides were enriched by affinity purification with Kub antibodies and analyzed 
by LC-MS/MS regarding the UniProt database (Figure 1A). Significantly different (P < 0.05 by the Student’s t-test) 
proteins were characterized, and proteins and ubiquitination sites with a fold change of 1.5 or greater were 
considered differentially regulated by S. agalactiae infection. In total, 1805 up-regulated sites, 879 up-regulated 
proteins, 904 down-regulated sites, and 484 down-regulated proteins were identified (Figure 1B). Overall, we 
identified 4121 proteins and 18,443 sites in the three biological replicates, of which 2686 proteins and 9108 sites 
were quantified (Figure 1C).
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Quantitative Proteomics of the Ub-Modified Proteome and Analysis
Among the detected ubiquitinated proteins, a total of 18,443 Kub peptides from 4121 unique proteins with peptide scores > 
40 were identified. The peptide length distribution of the ubiquitinated peptides was not uniform (Figure 2A). The 
percentages of identified ubiquitinated peptides with 1, 2, 3, and 4 ubiquitination sites were 78.50% (14,478/18,443), 
20.32% (3748/18,843), 1.10% (202/18,843) and 0.08% (15/18,843), respectively. Most of the identified proteins had a single 
ubiquitination site (34.41%, 1418/4121) (Figure 2B), but some proteins in S. agalactiae-infected BMECs had more than 20 
ubiquitination sites (2.27%, 114/4121) (Figure 2C). These results are consistent with previous studies using similar 
methodologies,15–17 confirming that the mass spectrometry quantification platform and strategy were reliable and efficient.

Next, we further examined the relationship between the ubiquitinome and proteome. Among the identified ubiquitylated 
proteins, 1823 were also present in the proteomics dataset (Figure 2D). Among the up-regulated ubiquitinated proteins, 33 
were down-regulated in the proteome (Figure 2E), whereas only Q58DK4 was down-regulated in the ubiquitinome but up- 
regulated in the proteome. RPL7 and RPL7A overlapped among the up-regulated proteins, up-regulated ubiquitinated 
proteins, and down-regulated ubiquitinated proteins, and 10 proteins overlapped among the down-regulated proteins, up- 
regulated ubiquitinated proteins, and down-regulated ubiquitinated proteins. RPL7 is an essential 60S preribosomal assembly 
factor and plays an important role in inhibiting ribosome translation.18 These sets of ubiquitinated proteins will provide 
a foundation for unraveling the posttranslational regulation of the response of BMECs to S. agalactiae infection.

Sequence Properties of Ubiquitinated Proteins
To further characterize the amino acid sequences surrounding ubiquitination sites in BMECs infected with S. agalactiae, 
the position-specific frequencies of amino acid residues neighboring Kub sites were analyzed using the program MOMO. 

Figure 1 Quantitative profiling of the global ubiquitinome in S. agalactiae-infected BMECs. (A) Schematic diagram of the experimental process for the quantitative 
ubiquitinome analysis. (B) Volcano plot of the changes in protein abundance in response to S. agalactiae infection in BMECs. The ratio of average protein expression in the 3 
replicates (log 2 transformed) between S. agalactiae infected-BMECs, and non-infected BMECs was plotted against the P-value from the t-test (-log 10 transformed). Proteins 
with P=0.05 and 1.5-fold change were selected for further investigation. The table shows the number of up and down-regulated sites and proteins identified. (C) Numbers of 
identified ubiquitin sites, quantified ubiquitin sites, and up-regulated ubiquitin sites.
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From the set of 18,338 Kub peptides, we identified five conserved motifs among 5876 unique sites, which represented 
approximately 32% of the identified sites (Supplementary Table S1). In these five motifs, two residues were highly 
enriched upstream or downstream of Kub sites (Figure 3A): glutamic acid (E) and leucine (L) (Figure 3A). We also 
observed a significant preference for hydrophobic residues like leucine, which are important in mammary gland epithelial 
cells.19 The five motifs were xxxxxxxxxE_K_xxxxxxxxxx, xxxxxxxxxx_K_xLExxxxxxx, xxxxxxxxxx_K_Exxxxxxxxx, 
xxxxxxxxxx_K_LxxxxxxRxx, and xxxxxxxxxx_K_xxExxxxxxx (x indicates any amino acid) and varied in abundance 
(Figure 3B). The motif xxxxxxxxxE_K_xxxxxxxxxx was described previously20 in young rice leaves. The other four 
motifs are novel and thus may provide insights on the mechanism of mastitis, particularly in response to S. agalactiae 
infection.

To evaluate the relative abundances of different amino acids surrounding Kub sites,21 the parameters “pre-aligned”, 
central K, width = 21, occurrences = 20, and significance=0.000001 were applied using protein sequences from cattle 
(Bos_taurus_9913_PR_20201217.fasta) in UniProt as a reference (Figure 3C). This analysis revealed a significant 
preference for hydrophilic residues such as Glu(E) at positions adjacent to Kub sites. In addition, E was the residue 
with the greatest frequency in position –1 and was also enriched at positions +1 and +3. Thus, the sequence preferences 
in the heatmap data were consistent with the motif analysis. Moreover, the observed preference for hydrophobic residues 
such as Leu(L) adjacent to Kub sites agrees with a previous analysis of mammalian sequences.22 In mastitis milk 

Figure 2 Characteristics of lysine-ubiquitinated peptides identified in BMECs infected with Streptococcus agalactiae. (A) Length distribution of ubiquitinated peptides. (B) 
Shares of ubiquitinated proteins with 1, 2, 3, or 4 ubiquitination sites. (C) Distribution of ubiquitinated peptides in terms of the number of ubiquitination sites. (D) The 
intersection of quantified ubiquitinated proteins and quantified proteins in BMECs infected with S. agalactiae (36). (E) Venn diagram showing the number of overlapping 
proteins between the proteome and ubiquitinome datasets. The table below lists the gene names of overlapping proteins. down-UB, down-regulated ubiquitinated protein; 
up-UB, up-regulated ubiquitinated protein; down, down-regulated protein; up, up-regulated protein.

Figure 3 Motif analysis of ubiquitination sites in response to S. agalactiae infection in bovine mammary gland epithelial cells. (A) Motif-x analysis of motifs present among the 
20 amino acid residues surrounding ubiquitinated lysine sites. The height of each letter represents the frequency of the residue in that position. The central K corresponds to 
the ubiquitinated lysine. (B) The number of identified peptides containing each motif. (C) Heatmap of the distribution of amino acids flanking the ubiquitination sites.
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samples, the percentages of lysine, leucine, and alanine increase.23 Notably, in response to leucine, leucyl-tRNA 
synthetase initiates the mTORC1 pathway by acting as a GTPase-activating protein for a component of mTORC1, 
thereby transducing amino acid availability to mTOR signaling.24

Consequently, it can be speculated that leucine is also closely related to milk protein synthesis in the mammary gland 
through mTOR signaling. By contrast, the basophilic residue arginine (R) was excluded from neighboring positions. 
Overall, these results reveal differences in Kub motifs in S. agalactiae-infected BMECs compared with non-infected 
cells.

In addition to the primary sequence, the secondary structure is important for Kub site prediction.25,26 We, therefore, 
used the software NetSurfP to incorporate protein secondary structural features. The probabilities of various secondary 
structures (curl, α-helix, and β-strand) near Kub sites were compared with the secondary structure probabilities for all 
lysine sites in identified proteins. Kub sites were preferentially located in α-helices over β-strands (p=9.63E-14 for α- 
helix and p=2.59E-36 for β-strand)(Figure 4). In addition, the secondary structures of both ubiquitinated and non- 
ubiquitinated sites were enriched in coiled coils, with an average of approximately 60%. These results imply that lysines 
are selectively ubiquitinated to alter protein structure and activity, which may influence the functions of the modified 
proteins in S. agalactiae-infected BMECs.

Annotation of the S. agalactiae-Regulated Ubiquitinome in BMECs
To further elucidate the biological functions of ubiquitination in BMECs infected with S. agalactiae, Gene Ontology 
(GO) enrichment analysis of the identified ubiquitinated proteins was performed. Analysis of the biological process 
category revealed that the up-regulated ubiquitinated proteins were highly enriched in regulation of cellular protein 
localization, cell-cell junction assembly, and actin cytoskeleton organization, whereas the down-regulated ubiquitinated 
proteins were enriched in ion transmembrane transport, cation transport, and inorganic ion homeostasis (Figure 5A and 

Figure 4 Distribution of secondary structures of ubiquitination and non-ubiquitination sites: α-helix, β-strand, and coil. Significance was calculated by the Wilcoxon test.
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Table S2). Actin cytoskeleton organization and cell-cell adhesion influence the cell adhesion properties of cells, and 
changes in cell adhesion have been directly or indirectly associated with lactation and immune and inflammatory 
responses.27–29 The results of the GO enrichment analysis suggest that S. agalactiae infection of BMECs damages cell 
junctions and disrupts pathways related to immune function and lactation.

To further assess whether cell junction- and inflammation-related proteins involved in S. agalactiae infection induce 
the transcription of related cell adhesion pathways in BMECs, we performed Western blotting (Supplementary Figure 4). 
Compared with the control, S. agalactiae infection significantly decreased the protein levels of p65, JNK, p-JNK, 
p-ERK1/2, P38, and p-P38. It has been reported that changes in ROS-p38 signaling in Drosophila pericardial cells 
alter the abundance of septate junction proteins and the proteins Coracle and Kune-Kune.30 Furthermore, p38 activation 
plays an important role in regulating the flagellin-induced innate immune response in airway epithelia during infection 
with the human pathogen Pseudomonas aeruginosa.31 Interestingly, in line with our Western blot results, Li32 recently 
found that deoxynivalenol accelerates the endocytosis and degradation of tight junction proteins and that this process is 
regulated by the activation of p38 MAPK signaling pathways by a c-Jun-N-terminal kinase (JNK). Lithium enhances 
post-stroke blood-brain barrier integrity by regulating tight junctions and has also been identified as a key regulator of the 
prosurvival MAPK/ERK1/2 pathway.33 Altogether, these findings suggest that cell junction proteins may have important 
roles beyond their canonical barrier function, especially those ubiquitinated in BMECs in response to S. agalactiae 
infection.

In the category of molecular functions, the up-regulated ubiquitinated proteins were enriched in structural molecule 
activity, structural constituent of the cytoskeleton, and actin-binding, whereas the down-regulated ubiquitinated proteins 
were enriched in transmembrane transporter activity, dynamic transmembrane transporter activity, and symporter activity 
(Figure 5B). In the cellular component category, the up-regulated ubiquitinated proteins were highly enriched in 
regulation of actin cytoskeleton, cell cortex, cortical cytoskeleton, and cell junction, and the down-regulated ubiquiti-
nated proteins were enriched in an intrinsic component of membrane, an integral component of the membrane and 
basolateral plasma membrane (Figure 5C). Dysregulation of ubiquitinated proteins has been reported to impact cell 
development and proliferation. Cell movement, a type of cell migration, is closely related to inflammation.28,34 

Collectively, these findings indicate that ubiquitinated proteins in S. agalactiae-infected cells are closely related to cell 
adhesion, cell junctions, regulation of biological processes, and maintaining the balance between apoptosis and granu-
lopoiesis in cell turnover, suggesting potential mechanisms underlying susceptibility or resistance to intramammary 
infection.

Functional Enrichment Analysis of the Identified Ubiquitinated Proteins
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed to clarify the functions of the 
ubiquitinated proteins (Figure 6A). The most significantly enriched pathways were adherens junction (P = 4.08488E-05), 
ribosome (P = 4.08488E-05), and tight junction (P = 4.08488E-05), in addition to other biosynthesis and metabolism 
pathways. Cell adhesion-related pathways are involved in mammary tissue morphology, secretion composition, lactation, 
and tight junction integrity.35,36 The complex mammary response to bacterial infection is characterized by changes in 
morphology and immune regulation in epithelial cells and mammary tissue, changes in the composition of mammary 
secretions, and changes in the integrity of tight junctions.37,38 The enrichment of pathways related to cell junction 
regulation in S. agalactiae-infected BMECs is consistent with these observations.

Because protein domains are conserved protein sequences that frequently represent structural units, we next 
performed statistical analysis to identify domains enriched in the ubiquitinome of S. agalactiae-infected BMECs. Twenty- 
three protein domains were significantly enhanced (P < 0.05). The top 10 domains were FERM N-terminal domain, 
FERM central domain, FERM C-terminal PH-like domain, UBA/TS-N domain, proteasome subunit A N-terminal 
signature, spectrin repeat, PDZ domain (also known as DHR or GLGF), cadherin domain, myosin head (motor domain) 
and EF-hand domain pair (Figure 6B). These results suggest that the ubiquitinome includes proteins involved in 
numerous fundamental cellular processes, like protein degradation and secondary metabolism.

Using the STRING database, we eliminated all background proteins in all pathways regulated by ubiquitination to 
more clearly visualize the PPIs (protein-protein interactions) between the significantly altered proteins (Figure 7A). Next, 
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Figure 5 GO functional enrichment analysis of ubiquitinated proteins up or down-regulated in response to S. agalactiae infection in bovine mammary gland epithelial cells. 
(A) Distribution of the ubiquitinated proteins in terms of biological processes. (B) Distribution of the ubiquitinated proteins in terms of molecular functions. (C) 
Distribution of the ubiquitinated proteins in terms of cellular components.
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the top 5 KEGG pathways were identified for further examination (Figure 7B). PPI network analysis revealed a wide 
range of interactions influenced by protein ubiquitination. In particular, ubiquitination of CTNNB1, EGFR, ITGB1, 
CTNNA1, CTNNA2, CDH1, YES1, and SLC9A3R1 appears to play an essential role in regulating numerous cellular 
processes in BMECs infected with S. agalactiae.

Figure 6 Enrichment analysis of KEGG pathways and protein domains in the identified ubiquitinated proteins. (A) KEGG pathways that were significantly differentially 
regulated in the ubiquitinome are shown. The size of the circle represents the number of mapped proteins. (B) Protein domains. KEGG, Kyoto Encyclopedia of Genes and 
Genomes.
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Our previous study showed that CTNNB1(β-catenin) and CDH1(E-cadherin) play an important role in the Wnt 
signaling pathway by activating CyclinD1 and cell proliferation in bovine mammary epithelial cells.39 Furthermore, 
growing evidence has shown that ITGB1 (β1-integrin) regulates mammary gland development and function, closely 
related to prolactin signaling.40,41,42 Importantly, the SLC9A3R1-related signaling pathway regulates the activation of 
autophagy processes 43. Further research on mammary gland mastitis is warranted. Several lines of evidence indicate 
that various membrane proteins in BMECs, including immune sensors (Toll-like receptors, TLR), nutrient transporters 
(glucose transporter and aquaporin), and tight junction proteins (claudin and occludin), are involved in the onset of 
mastitis or milk production.39,40

Previous studies applying omics technologies to dairy cows have largely omitted posttranslational regulation.41,42 The 
present extensive proteomic investigation of the ubiquitinome in BMECs infected with S. agalactiae provides insights on 
the regulatory roles and mechanisms of protein ubiquitination in the mammary gland in dairy cows and a reference for 
the development of novel biomarkers for mastitis therapy.

Data Sharing Statement
There is no limitation on data availability. The ubiquitin and global proteomics data can be downloaded and viewed using the 
following Shiny Web applications: https://vilchezlab.shinyapps.io/shiny-volcanoplot/ and https://vilchezlab.shinyapps.io/ 
shiny-heatmap/. Proteomics information has been deposited in the Proteome Xchange Consortium through the PRIDE 
partner repository with the dataset identifiers PXD028659 (ubiquitin proteomics of BMECs infected or not infected with 
S. agalactiae) and PXD028585 (global protein proteomics of BMECs infected or not infected with S. agalactiae).
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Figure 7 Protein-protein interaction networks of differentially ubiquitinated proteins in response to S. agalactiae infection of bovine mammary gland epithelial cells. (A) The 
network was generated with all identified ubiquitinated proteins using the STRING database (v11.5) and visualized by Cytoscape (V3.8.2). (B) Mapping ubiquitinated proteins 
belonging to the top 5 KEGG terms enriched in S. agalactiae-infected BMECs to the network by the STRING database. Each dot represents a protein. The colored nodes are 
significantly ubiquitinated proteins. The edges represent the STRING combined interaction score.
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