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Metataxonomic analysis and host proteome
response in dairy cows with high and low
somatic cell count: a quarter level investigation
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Abstract

Host response to invasive microbes in the bovine udder has an important role on the animal health and is essential to
the dairy industry to ensure production of high-quality milk and reduce the mastitis incidence. To better understand
the biology behind these host-microbiome interactions, we investigated the somatic cell proteomes at quarter level
for four cows (collected before and after milking) using a shotgun proteomics approach. Simultaneously, we identified
the quarter microbiota by amplicon sequencing to detect presence of mastitis pathogens or other commensal taxa.
In total, 32 quarter milk samples were analyzed divided in two groups depending on the somatic cell count (SCC). The
high SCC group (>100,000 cell/mL) included 10 samples and significant different proteome profiles were detected.
Differential abundance analysis uncovers a specific expression pattern in high SCC samples revealing pathways
involved in immune responses such as inflammation, activation of the complement system, migration of immune
cells, and tight junctions. Interestingly, different proteome profiles were also identified in quarter samples containing
one of the two mastitis pathogens, Staphylococcus aureus and Streptococcus uberis, indicating a different response

of the host depending on the pathogen. Weighted correlation network analysis identified three modules of co-
expressed proteins which were correlated with the SCC in the quarters. These modules contained proteins assigned
to different aspects of the immune response, but also amino sugar and nucleotide sugar metabolism, and biosyn-
thesis of amino acids. The results of this study provide deeper insights on how the proteome expression changes at
quarter level in naturally infected cows and pinpoint potential interactions and important biological functions during
host-microbe interaction.

Keywords Shotgun proteomics, somatic cell, microbiota, weighted co-expression network analysis

Introduction commensal species are able to survive and thrive in a

Whether or not the bovine intramammary environ-
ment contains a viable microbial community have
been a topic of discussion for years [1, 2]. More evi-
dence now suggest that opportunistic pathogens and
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rather complex microbial environment in the udder [3—
5]. There is also evidence that this community, together
with the bacteria found on the teat skin, can protect the
udder against invading bacteria that can cause mastitis.
Certain species can protect the intramammary envi-
ronment against pathogens by secreting antimicrobial
substances. This includes coagulase negative staphy-
lococci and Corynebacterium that are able to produce
antimicrobials which prevent growth of known mastitis
pathogens [6, 7]. In addition, lactic acid bacteria have
been shown to adhere to mammary gland epithelial
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cells and modulate their production of pro-inflamma-
tory cytokines [8]. Despite the protective role of the
commensal microbiota of bovine milk, intramammary
infections (IMIs) occur. IMIs caused by bacteria are
the main cause of bovine mastitis. It results in redness,
swelling, fever and discomfort for the cow, in addi-
tion to having a massive impact on the dairy industry.
Milk from an infected cow has reduced quality and a
changed composition of fat, protein, lactose and min-
erals, which affects milk properties and flavor [1]. Milk
from a full blown mastitic infection is unfit for con-
sumption, resulting in loss for both farmer and dairy
industry. In addition to affecting the composition of the
nutrients, a bacterial infection leads to an increase in
the somatic cells in the milk. Both immune cells, such
as macrophages and neutrophiles, migrate to the milk
in order to fight of the infection, and the level of shed-
ding of epithelial cells increase to rid the intramam-
mary tissue of intracellular pathogens [1, 9]. This
increase in the somatic cell count (SCC) in the milk is
currently the main strategy to detect an infection. In a
healthy udder, the SCC is typically between 10 000 and
100 000 somatic cells/mL. A case of mastitis is consid-
ered sub-clinical when the cow is without symptoms
and the SCC is between 100,000 and 1 million cells/
mL, and clinical in the event of the above-mentioned
symptoms and a SCC of over 1 million cells/mL. These
thresholds may differ between countries.

When a pathogenic bacterium enters the udder, the first
line of defense it encounters is epithelial cells and mac-
rophages. These recognize Pathogen Associated Molecu-
lar Patterns (PAMPs) through Toll-like receptor 2 and 4,
and upon activation of said receptors, the NF-kB signal-
ing pathway is initiated [10, 11]. The signaling pathway
stimulates the production of pro-inflammatory cytokines
and chemokines, resulting in the recruitment of addi-
tional immune cells to the udder lumen, such as neutro-
philes [12, 13]. These are the first migrating immune cells
to enter the udder lumen upon infection and engulf the
bacteria they encounter. The efficiency of the activation
of the NF-kB signaling pathway depends on the invad-
ing pathogen. Some strains of Staphylococcus aureus will
induce mild and subclinical mastitis due to low produc-
tion of cytokines IL-8 and IL-1p, while others will cause
a higher production of these cytokines and hence clini-
cal mastitis [14, 15]. Gram-negative pathogens such as
E. coli stimulate a strong immune response in the udder
and most cases of mastitis caused by this bacterium is
the severe, clinical type [10]. In addition to the cytokines,
the level of acute phase proteins such as cathelicidins and
peptidoglycan recognition protein increase in the udder
during the onset of an infection [16]. The same is true
for members of the complement system, fibrinogen and

Page 2 of 13

antimicrobial mammary S100 calcium-binding proteins
[17, 18].

There are several studies available that investigate the
interaction between microbes, both commensals and
pathogens, in bovine milk [5-8]. There are also various
studies that address the interaction between pathogens
and the immune cells of the udder [15, 19, 20]. This inter-
action decides the outcome of the infection: clearance or
establishment of the pathogen. However, the interplay
between the commensal microbial community and the
somatic cells in the udder is not as extensively investi-
gated. Knowledge regarding this is an important part
of fighting mastitis as a healthy microbial community
probably protects the udder against invaders. Lima et al.
found that primiparous cows, as opposed to multiparous
cows, harbors microbial diversity and taxonomic markers
that likely contributes to a healthier udder [21]. Studies
have also discovered that a greater richness of the udder
microbiota makes the udder more resistant to infection
[22-24]. These studies all put emphasis on the micro-
bial composition of the udder. A different perspective
would be to investigate the proteome of the somatic cells
isolated from healthy udders and relate it to SCC and
microbial composition. Typically, studies like this tend
to focus on the whey proteins and caseins of different
types of milk samples such as healthy, subclinical mastitis
and clinical mastitis samples. The consensus seems to be
that during an infection, proteins involved in immune-
responses such as immunoglobulins, cathelicidins and
members of the complement system increase in the milk
[25-27], while the whey proteins and caseins decrease
[28].

Less frequently found in the literature are studies
concerning the proteins of the somatic cells in healthy
udders and in cases of subclinical mastitis. Knowledge
regarding the healthy udder, its cells and how they
interact with the commensal microbiota will provide
important information regarding avoidance of IMIs
and possibly the early detection of an infection through
biomarkers detectable in the milk. In this study the
somatic cells of milk samples from healthy udders with
high and low SCC (H-cows and L-cows, SCC above and
below 100 000 cells/mL, respectively) were isolated
and their proteome investigated. The objective of the
study was to relate the proteome of the somatic cells to
the level of SCC in the sample and the quarter micro-
bial composition. Analysis uncovered clear differences
between the proteomes of somatic cells from quarters
with high and low SCC, with several proteins being
differentially expressed between the two conditions.
Weighted correlation network analysis (WGCNA)
revealed three groups of co-expressed proteins with a
positive correlation to SCC which included different
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aspects of the immune response, but also amino sugar
and nucleotide sugar metabolism, and biosynthesis of
amino acids.

Materials and methods

Cows and sample collection

Four Norwegian Red cows were selected from “The
Livestock Production Research Centre” at the Norwe-
gian University of Life Sciences based on a previous
study by Winther et al. [4]. The study categorized the
cows as H- or L-cows based on high (>100 000 SCC/
mL) or low (<100 000 SCC/mL) somatic cell count,
respectively, at the start of the study as recorded by the
automatic milking system (Delaval Online Cellcoun-
ter). For this project, two H-cows (H3 and H5) and two
L-cows (L2 and L4) were chosen for further sampling.
The cattle enrolled in the study were housed in frees-
tall cubicles with bedding materials of rubber mats
with raw wood chips. Their diet consisted of silage and
pelleted feed. Two samples were collected from each
quarter, one before and one after the regular milk-
ing routine (32 independent quarter samples), on one
occasion (April 2021). To reduce the risk of including
environmental bacteria in the samples, the teats were
washed with iodine and then alcohol, and 200 mL milk
was collected manually. The “Procedure for Collecting
Milk Samples” of the National Mastitis Council (NMC)
was followed. The milk samples were stored on ice
until their arrival in the laboratory (within 2 h after the
last sample was collected) where they were processed
for analysis immediately. No invasive procedures were
used in this study. Permission for both sample collec-
tion and use of information regarding the samples were
given by the farm owners. The farm operates under the
regulations of the Norwegian Food Safety Authority
regarding food production and animal care. The Nor-
wegian Cattle Health Recording System provided addi-
tional metadata for each of the cows [29].

At arrival in the laboratory, 0.1 mL raw milk from
each sample where plated on TSA blood agar plates
(ThermoFischer Scientific, Massachusetts, USA). The
plates were then incubated at 37 °C under aerobic con-
ditions for 24 h. After plate counting, the quarters with
>10 colonies per 0.1 mL (mixed or pure) were labeled
as having an IMI. This was based on definition “A” of
Dohoo et al. [29]. Milk from all samples were also sent
to the Tine Laboratory in Heimdal and analyzed with
Bentley FTS (Bentley Instrument Inc, Chaska, MN,
USA) for somatic cells, fat, protein, lactose, urea, and
FFA content.
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DNA extraction, amplicon sequencing and sequence
analysis

For analysis of microbiota in the milk samples, bacterial
pellet was obtained and amplification and sequencing
of the 16 S rRNA genes were performed as described
previously [3]. The raw sequencing data were analyzed
with the Dada2 algorithm as described by Winther
et al. [4].

Suspension trapping and liquid chromatography

with tandem mass spectrometry (LC-MS/MS)

To prepare peptides for identification through LC-MS/
MS, 40 mL milk was processed the same way as for
DNA extraction for amplicon sequencing with an addi-
tional washing step with 2% citrate water in order to rid
the samples of as much of the milk caseins as possible.
The final pellet was resuspended in 200 pL lysis buffer
(50 mM TrisHCI, pH 7.5, 4% SDS, 10 mM DTT) and
the cells were lysed by bead beating (0.2 g of 106 pm
acid washed beads, Sigma). The resulting protein solu-
tion was denatured at 95 °C for 10 min and alkylated
with 100 mM iodoacetamide for 20 min in the dark.
Phosphoric acid (1/10™ of the total volume) was used to
acidify the sample before loading it onto the suspension
trapping column for washing and digestion as previ-
ously described [30]. Briefly, the columns, made up of a
plug of C18 (Empore) with an overlaying stack of quartz
(Munktell MK360 quartz filter), were made in a 200
uL pipette tip (Eppendorf " epT.LP.S."™, 2-200 uL). The
protein solution was loaded onto the column in a sus-
pension trapping buffer containing 90% methanol and
100 mM Tris-Cl pH 7.1, resulting in a protein suspen-
sion on top of the quartz stack. Centrifugation trapped
the protein suspension in the quarts stack where it is
washed twice (suspension trapping solution and 50 mM
ammonium bicarbonate, respectively) and digested
with Trypsin (1:00 enzyme/protein ratio) (V5111, Pro-
mega) in 50 mM ammonium bicarbonate for an hour
at 47 °C. Additional washes with 0.5% and 0.1% trif-
luoroacetic acid (TFA) moved the peptides to the C18
plug, where an elution buffer (80% acetonitrile, 0.1%
TFA) eluted the peptides from the column. Analysis of
the peptides were performed as previously described by
Myrbriten et al. with a nano UPLC (nanoElute, Bruker)
coupled to a trapped ion mobility spectrometry/quad-
rupole time of flight mass spectrometer (timsTOF Pro,
Bruker) [31]. The proteomics data have been deposited
to the Proteomics Identification Database (PRIDE) with
accession number PRIDE: PXD035328.
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Label free quantification analysis of mass spectrometry
data

The raw ms/ms data were analyzed using the Max-
Quant software [32] with the MaxLFQ algorithm
[33] for label free quantification. The search data-
base was taken from UniProt Proteomes (Bos taurus,
UP000009136). The “match between runs” option of
MaxQuant was used to increase the number of hits. All
identifications were filtered to achieve a protein FDR
score of 0.01 and a min. peptide count of 1. For further
analysis we used the proteinGroups output file from
MaxQuant. The filtering steps were performed with the
Perseus software [34], removing hits considered as con-
taminants (Reverse, Only identified by site, and Poten-
tial contaminants). The caseins detected in the samples
were removed with the contaminants. Finally, for dif-
ferential expression and WGCNA analysis, a protein
was considered to be present in a sample only if it was
detected in both replicates.

Differential expression analysis

Differentially expressed proteins were identified using
the DEP package in R [35]. Missing values were imputed
using random draws from a Gaussian distribution cen-
tered around a minimal value (NMAR) utilizing q=0.01.
Significant proteins were detected using 0.05 as the
adjusted p-value and 1.5 as the threshold for the log, fold
change.

Weighted correlation network analysis (WGCNA)

In order to detect modules of proteins with the same
expression patterns between high and low SCC, the
WGCNA package was utilized as described by Zhang
et al. with a soft threshold power of p=9 [36]. Mod-
ules were identified by using a dynamic tree-cutting
algorithm with parameters: minimal module size =20,
deepSplit=2, and merge cut height=0.2. Module mem-
bership (kME) was determined by calculating Pearson
correlation between each protein and each module eigen-
protein and the corresponding P-values [37].

KEGG enrichment pathways and gene ontology
enrichment analysis

KEGG enrichment pathway analysis of the differentially
expressed proteins were performed with the clusterPro-
filer R package. Only significant proteins were used in
the analysis (p=0.05, foldchange=1.5). Gene ontology
enrichment analysis was performed with the UniprotR
package.
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Results
Amplicon sequencing
The four cows included in this project were defined
as H-cows (SCC>100,000 cells/mL) or L-cows
(SCC<100,000 cells/mL) based on a previous study con-
ducted by Winther et al. where the SCC were measured
over three consecutive days at the start of the project
[4]. The study revealed a difference in the stability and
composition of the udder microbiota between H- and
L-cows, where the H-cows displayed an imbalanced
microbiota and a lower diversity over time compared to
the L-cows. The imbalance was caused by Staphylococcus
or Corynebacterium. With the purpose of studying the
proteomic profile of the somatic cells from samples with
high and low SCC, we chose two cows defined as H-cows
(H3, H5) and two cows defined as L-cows (L2, L4) from
the previous study and collected quarter milk samples
from these. The milk was collected before and after regu-
lar milking at quarter level in an attempt to acquire milk
from the teat cistern and from deeper parts of the udder,
respectively. The incentive was that the milk collected
after regular milking would contain less environmental
contaminants as these would be flushed away during the
milking procedure. Initial investigations of the composi-
tion of the udder microbiota with amplicon sequencing of
the 16 S rRNA genes (Figure 1) showed that this was the
case for Corynebacterium in cow L4. Samples JT25-]T28,
taken before the regular milking, contained up to ~90%
Corynebacterium, most of which was not present in the
samples taken after regular milking (samples JT29-JT32).
The quarter samples with a SCC above 100,000 cells/
mL were regarded as having a high SCC (labeled with
blue or black asterisk in Figure 1). Those samples made
up 10 of the 32 samples collected, and 90% of these were
from the H-cows. Samples were labeled with an IMI if
upon cultivation of 0.1 mL on blood agar>10 colonies
appeared on the plate. This definition of an IMI is by
Dohoo et al. [38]. 20 samples were labeled with an IMI
(red or black asterisk in Figure 1), 60% of these samples
were from the H-cows. Both H-cows had an imbalanced
microbial community in one quarter, caused by Strepto-
coccus uberis (H3) or Staphylococcus aureus (H5). One
sample, JT24, contained blood. As no imbalance in the
microbiota was detected in this sample, which is usu-
ally the case during a bacterial infection [3, 4], the blood
could be a result of a yeast infection or trauma to the
udder [39].

General proteomics analysis revealed a clustering

of samples with a high SCC

With the intent to investigate how the cows in the study
respond to the bacteria present in their udders, somatic
cells were isolated from the quarter milk samples and
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Microbial composition of the 32 milk samples based on 16 S amplicon sequencing. Cow H3 and H5 refer to the two cows with

a high SCC from the previous study by Winther et al,, while cow L2 and L4 refer to the two cows with a low SCC from the same study. Asterisk
above bars indicate a recorded IMI (red), SCC> 100,000 cells/mL during this study (blue), or both (black). Labelling a sample with an IMl is based on
cultivation on blood agar where samples with > 10 colonies per 0.1 mL is considered to harbor an IMI (definition “A" by Dohoo et al. [38]).

studied with liquid chromatography coupled with tan-
dem mass spectrometry (LC-MS/MS). The raw data
were analyzed with the MaxLFQ algorithm in Max-
Quant [32, 33] and filtered with Perseus [34]. A total
of 5427 proteins were detected in the samples. The
PCA pot in Figure. 2A show that the samples with a
SCC>100 000 cells/mL clustered in the upper and
left part of the plot (labeled in red). In the PCA plot,
sample JT24 was excluded. As the sample contained
blood, the proteomic dataset was heavily influenced by
hemoglobin, leading the other samples to cluster tightly
together and no apparent pattern to appear. Sample
JT02 was similar to the samples with high SCC in the
PCA plot. This sample had a SCC below, but close to,
100 000 cells/mL which was chosen as threshold to
differentiate the two groups. The variation in the sec-
ond component of the PCA plot was mainly driven by
histones (POC0S9, P62803, P62808, P02253, P84227)
and actin proteins (P60712, FIN650) present mostly
in the high SCC samples. In addition, proteins P22226,
P28783, and P79105 were also correlated with high SCC
samples and are proteins involved in immune responses
and regulation of inflammatory processes (Figure 2B).

Differential expression analysis uncovers a specific
expression pattern in high SCC samples

Analysis of differential expression between high and low
SCC samples was carried out by considering the same
quarter before and after milking as replicates. A protein
was only considered to be present in a sample if it was
detected in both replicates. The filtered protein list con-
tained 2372 proteins. Differential expression analysis of
the quantitative proteomics data utilizing a threshold of
+/— 1.5 fold change in high SCC over low SCC (p <0.05)
revealed 80 proteins to be differentially expressed
between the two conditions. The heatmap in Figure 3A
displays the differentially expressed proteins grouped
into 6 k-means that separates proteins based on general
expression pattern. The samples with a high SCC are
clustered together on the left side of the heatmap, sepa-
rated from the low SCC samples with a black line. Sample
JT02 clustered with the high SCC samples for the same
reason as mentioned above — a SCC close to the 100,000
cells/mL threshold set to separate samples of high and
low SCC. It is noteworthy to mention that although sam-
ples JT29 and JT25 have clustered with the samples with
high and low SCC, respectively, “JT29 high” belongs to
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the same arm as samples classified as low SCC following
hierarchical clustering. We believe that the overall low
expression level observed specifically for this sample can
be due to a different somatic cell profile before and after
milking.

Of the 80 proteins that were differentially expressed
between the two conditions, 73 were enriched in the high
SCC samples, while 7 were downregulated in the same
samples and enriched in the low SCC samples. Further
investigations of the 73 proteins enriched in the high SCC
samples revealed that they were involved in biological
processes such as “innate immune response’, “phagocyto-
sis”, “defense response to Gram-positive bacterium’, “cell
migration’, and “antimicrobial humoral immune response
mediated by antimicrobial peptide” KEGG pathway
enrichment analysis of the same 73 proteins (Figure 3B)
revealed pathways involved in immune responses such
as inflammation, activation of the complement system,
migration of immune cells, and tight junctions. These
data agree with the proteins responsible for the cluster-
ing of the high SCC samples in the PCA plot in Figure 2A
and B.

Figure 4 A shows the overlap between the proteomes
of the quarter infected with S. aureus and the quarter
infected with S. uberis. The quarters had 636 proteins in
common. The proteome of the quarter infected with S.
uberis was considerably larger (1946 proteins) than the
proteome of the quarter infected with S. aureus (658 pro-
teins). The heatmap depicting the correlation between
the samples (Figure 4B) shows a low correlation between
the proteomes of the infected quarters. Differential
expression analysis with the same parameters as utilized
above revealed a list of 11 proteins enriched in the quar-
ter infected with S. aureus and 12 proteins enriched in
the quarter infected with S. uberis (Figure 4C; Table 1).

Weighted correlation network analysis uncovers 12
modaules of similarly expressed proteins

In order to explore co-expression networks in our
proteome dataset, we utilized weighted correlation
network analysis (WGCNA) on the dataset of 2372
proteins filtered based on replicates. This type of net-
work analysis uses pairwise correlation relationships
of proteins and their topological overlap to organize
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Table1 Proteins that were found to be enriched in quarter milk samples infected with Staphylococcus aureus and
Streptococcus uberis.
Protein ID Protein name Biological process
Staphylococcus aureus
HSTN Histatherin Defense response to bacterium
PRG3 PRG3 protein Immune response
RETN Resistin transcript variant 1 Aging/hormone response
CRISPLD2 Cysteine-rich secretory protein LCCL domain-containing 2 Extracellular matrix organization
MGC140461 MGC140461 protein Immune response
TIMP3 Metalloproteinase inhibitor 3 - negative regulation of endopeptidase activ-

ity/response to cytokine/hormone.
PRG3.1 PRG3 protein Immune response
H2AC21 Histone H2A
SNRPD3 Small nuclear ribonucleoprotein Sm D3 - spliceosomal snRNP assembly
KRT6C IF rod domain-containing protein Keratin

LOC100299281
Streptococcus uberis

PKS_ER domain-containing protein - oxidoreductase activity?

Antimicrobial humoral immune
response mediated by antimicrobial
peptide

Carbohydrate biosynthetic process
Calcium import mitochondrium

Nucleosome assembly
Muscle contraction
Cellular response to heat

Actin filament organization / cell motility
Actin filament organization
Mast cell degranulation

CATHL7 Cathelicidin-7

NANS N-acetylneuraminate synthase

MICU2 Calcium uptake protein 1, mitochondrial

PXN Paxillin - cell-matrix adhesion/endothelial cell migration
LOC112445465 Histone H2B

MYL1 Myosin light chain 1/3, skeletal muscle isoform
HSPA6 Heat shock protein family A (Hsp70) member 6
UBL3 Ubiquitin-like protein 3

RAC1 Ras-related C3 botulinum toxin substrate 1
TMSB4 Thymosin beta-4

PTGDS Prostaglandin-H2 D-isomerase

HMGN2 Non-histone chromosomal protein HMG-17

Chromatin organization

the proteome into a network of biologically meaning-
ful modules of co-expressed proteins [40-42]. The
WGCNA analysis of the proteomics dataset resulted
in twelve modules, M1-M12, where the smallest con-
tained one protein (M6) and the largest contained
1206 proteins (M11) (Figures 5A and B). Correlation
analysis of the module eigenprotein value with SCC
showed 3 modules to be highly correlated (>0.3).
Module M11, which was the largest module and con-
tained 1206 proteins had the highest correlation with
the SCC (0.80), while module M3 and M5 had a cor-
relation score of 0.39 and 0.30, respectively. The cor-
relation between modules is displayed in Figure 5C.
Proteins described by PCA and differential abundance
to be enriched in the high SCC samples were also
found in these 3 modules. The top 10 GO terms of
modules M3, M5 and M11 are displayed in Additional
file 1, while the hub proteins (proteins that best repre-
sent the module) are reported in Additional file 2.

Discussion

Mastitis is the result of host response to eradicate invad-
ing microorganisms specially members of the domain
Bacteria [43]. From the host perspective, the innate
immune system is considered the first line of defense
against bacteria and is mediated by macrophages, neu-
trophils, natural killer cells (NK) and cytokines [44].
These components play a crucial role in the inflamma-
tory response in the udder, with polymorphonuclear
neutrophils (PMNs) representing one of the most abun-
dant leukocyte cells [45]. In a mastitic mammary gland,
PMNs constitute up to 90% of the total milk leukocytes,
whereas in healthy mammary gland macrophages are the
predominant cell type and account for 35-79% of total
leukocytes in milk [46].

Overall, few studies up to date have explored changes
in the expression and production of proteins from
somatic cells during an ongoing IMI, which ultimately
can be used as potential biomarkers in the diagnosis of
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each bar. C Heatmap displaying the correlation between themodules.

mastitis [15, 47]. The robustness of the immune response
is highly dependent of the mastitis-causing agent and
major pathogens such as streptococci, S. aureus, and
coliforms can lead to a significant increase in milk SCC,
whereas minor pathogens (Coryneforms and coagulase-
negative staphylococci) are associated with lower SCC
[48]. In fact, metataxonomic analysis of milk samples
with low SCC (Animal L4, samples JT25-]JT32) evidence
a high prevalence of Corynebacterium across all quarters,
primarily before milking (samples JT25-]T28).

In the current study we have compared the proteomes
of somatic cells isolated from bovine quarter milk sam-
ples with high and low SCC. PCA analysis showed clus-
tering of the high SCC samples driven by histones, actin,
and 3 immune-related proteins previously shown to
be upregulated in high SCC samples. The first of these
three, cathelicidin (P22226), is part of the first line host
defense and its upregulation is typically detected during
an S. uberis or S. aureus infection [16, 27], and generally
in samples with a high SCC [26]. In our study, we found

cathelicidin to be not only responsible for the clustering
of the high SCC samples in the PCA plot and enriched
in these samples when analyzing differential expression
between the two conditions, but also to be enriched in
the quarter samples infected with S. uberis.

The other two immune-related proteins responsible
for the clustering in the PCA plot were Protein S100-A9
(P28783) and Protein S100-A12 (P79105). These are
both calcium- and zinc-binding proteins involved in the
inflammatory process. Overall, adequate minerals levels
are required for the maintenance of a healthy udder and
their deficiency can increase the risk of mastitis mainly
due to the reduced activity of immune cells or malfunc-
tion of teat innate defense mechanisms [49]. The pro-
tein 100-A9 is usually part of a larger complex called
calprotectin, a component in Neutrophil Extracellular
Traps (NETs) [50]. These traps are created by degranu-
lated neutrophiles, a process where neutrophiles release
extracellular fibers, creating a meshwork that trap and
kill both Gram-positive and Gram-negative bacteria
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[51]. The establishment of NETs can also occur outside
the mammary gland, such as in the blood. By measur-
ing neutrophil extracellular trap (NET)-related variables
in the serum of Holstein dairy cows during the transi-
tion period, Jiang et al. suggested a positive association
between blood NET formation, high somatic cell count,
and postpartum mastitis risk [52]. Neutrophil tran-
scriptome between high- and low-SCC cows revealed
differences in genes involved in both the cell cycle and
NETosis.

In addition to seeing this protein as important for the
clustering in the PCA plot, NETs appeared as an KEGG
enrich pathway when analyzing proteins enriched in the
high SCC samples. Another important component of
NETs are nucleosomes which are made up of DNA and
histones. Brinkmann et al. found that they were able to
stain NETs with antibodies against histones H1, H2A,
H2B, H3, and H4 [51]. The histones we found as being
important for the clustering of our PCA plot were H2A,
H4, H2B, H1.2, H3.2. Several of these have also been
found to be upregulated in high SCC samples previously
[16]. Protein S100 A12 has also been found in relation to
heightened SCC in previous studies [16, 53], but apart
from being part of the immune response, its direct func-
tion seems to be unknown. According to Wei et al. NETSs
and their component histone showed a significant cyto-
toxic effect to bovine mammary epithelial cells in vitro
[54]. The authors suggested that histone has a substantial
role in BMEC damage, as well as could be involved in the
induction of necrosis and apoptosis of BMECs through
the activation of caspase 1, caspase 3, and NLRP3 [54].
In this study, by adopting WGCNA analysis, several pro-
teins classified in the GO term “apoptotic process” was
found in the largest module of co-expressed proteins
(module M11), which displayed the highest correlation
with the SCC.

The positive regulation of the extracellular signal-regu-
lated kinase 1/2 (ERK1/2) cascade (module M5) and the
negative regulation of cell population proliferation (mod-
ule M11) are cellular processes commonly reported dur-
ing IMI and mastitis development. The ERK1/2 cascade
is a central signaling pathway that regulates a wide variety
of stimulated cellular processes, such as proliferation, dif-
ferentiation, survival, apoptosis, and stress response [55].
Several studies have showed that the modulation of ERK
and MAPK signaling pathway can lead to anti-inflamma-
tory role in mastitis due to the decreased release of pro-
inflammatory cytokines such as tumor necrosis factor-a,
IL-1p, and IL-6 [56-59].

The enrichment of proteins classified in the biologi-
cal processes “positive regulation of lamellipodium
assembly” and “Arp2/3 complex-mediated actin nuclea-
tion” (both grouped in module 5) in high-SCC samples
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indicate lamellipodia extension and filopodia forma-
tion during cell migration, which is important to new
adhesion contacts, motility and spreading [19, 20, 60,
61]. By evaluating the proteomic changes in the mam-
mary tissue of rats challenged with S. aureus, Cai et al.
observed that the upregulation of both pathways is a
host-response to fight against bacteria to reduce cellu-
lar death and tissue injury caused by IMI [62].

Comparative analysis of differentially abundant pro-
teins found between quarter milk samples containing
S. aureus or S. uberis reveals that three immune-related
proteins might be involved in specific host response
according to the mastitis causing-pathogen. Histatherin
(HSTN) and proteoglycan 3-like (PRG3) were identified
as biomarkers of a quarter sample infected by S. aureus,
whereas cathelicidin-7 (CATHL7) was overrepresented
in a quarter infected with S. uberis. Histatherin is a
6 kDa antimicrobial protein (a chimera of histatin and
statherin) naturally present in cow’s milk and associ-
ated with mastitis prevention and reduced infection in
the newborn calf [63, 64]. With regards to PRG3, this
proteoglycan has been implicated in granulocyte acti-
vation and histamine biosynthetic process, playing a
wide and fundamental role in inflammatory response
in different pathological processes [65, 66]. In a quarter
infected by S. uberis, the identification of the protein
CATHLY? stands out. This molecule belongs to a het-
erogeneous class of host defense peptides (HDP) with
antimicrobial activity and potent chemotactic function
released in milk [67]. Higher levels of cathelicidin have
also been identified in milk samples obtained of quar-
ters infected by Streptococcus agalactiae, but not when
Serratia spp. was involved, which indicates the different
ability of microorganisms to induce cathelicidin release
in milk [68].

The use of label-free shotgun proteomics proved to
be a useful and promising tool in the identification and
differentiation of putative biomarkers for the diagnosis
of bovine mastitis [69], a multifactorial disease in which
the host’s immune response occurs at the quarter level
and is dependent of the bacterial species involved. As
with the majority of studies, the design of the current
study is subject to limitations and results must be inter-
preted with caution due to the reduced number of milk
samples with high SCC and positive for S. aureus and S.
uberis. In addition, shotgun proteomics is a bottom-up
approach which rely on the quality of the database used
to identify the proteins from peptides. Here, we used
the reference genome of Bos Taurus, originated from
a Hereford breed. The milk in this study was collected
from the Norwegian Red breed which might contain
different proteins not identified. Lastly, this study con-
sidered all sub-populations of somatic cells and their
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protein profile regardless the infection stage (i.e., recent
IMI or resolution phase).

Our data demonstrate a clear separation in pro-
tein expression between cows with high and low SCC,
and we identified specific protein profiles in the two
groups. These were in good correlation with micro-
biota analysis and presence of mastitis pathogens.
We showed the existence of a change in expression
depending on the infecting pathogens, and that during
a heightened SCC the co-expression of proteins belong-
ing to three modules changed. These modules were
positively correlated with high SCC. By studying quar-
ter milk samples obtained directly from cows regularly
milked for production, we were able to describe the
biological system in natural infected cows and not in
model system (such as cell lines or peripheral neutro-
phil cells). This study might open new prospective for
the characterization of the SCC subpopulation in order
to attribute the expressed protein to the type of cell.
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Additional file 1. The top 10 GO terms for the proteins of modules
M3, M5 and M11. Weighted correlation network analysis of the 2372
proteins resulted in 12 modules of co-expressed proteins. The figure dis-
plays the top 10 GO terms for the proteins of the three modules that were
highly correlatedto the somatic cell count (M3, M5, M11).

Additional file 2. The hub proteins of modules M3, M5 and M11.
Hub proteins for the three modules with the highestcorrelation with
the somatic cell count and their respective GO biologicalprocess. The
hub proteins of a module indicate the proteins that best represents that
specific module.

Acknowledgements

The authors would like to unknowledge The Livestock Production Research
Centre at NMBU for the collection of samples from the animals and Morten
Skaugen at the Faculty of Chemistry, Biotechnology and Food Science at
the Norwegian University of Life Sciences for his support during proteomics
analysis.

Authors’ contributions

ARW: planning of experiment, collection of samples, sequencing and prot-
eomics data generation, data analysis, writing of the manuscript. VSD: data
analysis, critical review of the paper, writing of the manuscript. DP: planning
of experiment, data analysis, writing of the manuscript. All authors read and
approved the final manuscript.

Funding

This work received financial contributions from (1) Norwegian Foundation for
Research Levy on Agricultural Products (FFL) and the Norwegian Agricul-

tural Agreement Research Fund (JA) (Grant No. 267623), (2) the Norwegian
Research Council (Grant No. 314733) and (3) the Faculty of Chemistry, Biotech-
nology and Food Science at the Norwegian University of Life Sciences.

Availability of data and materials
The fastq files have been deposited at the European Nucleotide Archive with
accession number PRJEB54099.

Page 11 of 13

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 13 July 2022 Accepted: 1 March 2023
Published online: 04 April 2023

References

1.

Derakhshani H, Fehr KB, Sepehri S, Francoz D, De Buck J, Barkema HW,
Plaizier JC, Khafipour E (2018) Invited review: Microbiota of the bovine
udder: contributing factors and potential implications for udder health
and mastitis susceptibility. J Dairy Sci 101:10605-10625

Rainard P (2017) Mammary microbiota of dairy ruminants: fact or fiction?
Vet Res 48:25

Porcellato D, Meisal R, Bombelli A, Narvhus JA (2020) A core microbiota
dominates a rich microbial diversity in the bovine udder and may indi-
cate presence of dysbiosis. Sci Rep 10:21608

Winther AR, Narvhus JA, Smistad M, da Silva Duarte V, Bombelli A, Porcel-
lato D (2022) Longitudinal dynamics of the bovine udder microbiota.
Anim Microbiome 4:26

Derakhshani H, Plaizier JC, De Buck J, Barkema HW, Khafipour E (2020)
Composition and co-occurrence patterns of the microbiota of different
niches of the bovine mammary gland: potential associations with masti-
tis susceptibility, udder inflammation, and teat-end hyperkeratosis. Anim
Microbiome 2:11

Braem G, Stijlemans B, Van Haken W, De Vliegher S, De Vuyst L, Leroy F
(2014) Antibacterial activities of coagulase-negative staphylococci from
bovine teat apex skin and their inhibitory effect on mastitis-related
pathogens. J Appl Microbiol 116:1084-1093

Woodward W, Besser T, Ward A, Corbeil L (1987) In vitro growth inhibition
of mastitis pathogens by bovine teat skin normal flora. Can J Vet Res
51:27

Bouchard DS, Seridan B, Saraoui T, Rault L, Germon P, Gonzalez-Moreno C,
Nader-Macias FM, Baud D, Francois P, Chuat V (2015) Lactic acid bacteria
isolated from bovine mammary microbiota: potential allies against
bovine mastitis. PLoS One 10:e0144831

Wang N, Zhou C, Basang W, Zhu Y, Wang X, Li C, Chen L, Zhou X (2021)
Mechanisms by which mastitis affects reproduction in dairy cow: a
review. Reprod Domest Anim 56:1165-1175

. Yang W, Zerbe H, Petzl W, Brunner RM, Glnther J, Draing C, von Aulock

S, Schuberth H-J, Seyfert H-M (2008) Bovine TLR2 and TLR4 properly trans-
duce signals from Staphylococcus aureus and E. coli, but S. aureus fails to
both activate NF-kB in mammary epithelial cells and to quickly induce
TNFa and interleukin-8 (CXCL8) expression in the udder. Mol Immunol.
45:1385-1397

. Hatada EN, Krappmann D, Scheidereit C (2000) NF-kB and the innate

immune response. Curr Opin Immunol 12:52-58

. Lahouassa H, Moussay E, Rainard P, Riollet C (2007) Differential cytokine

and chemokine responses of bovine mammary epithelial cells to Staphy-
lococcus aureus and Escherichia coli. Cytokine 38:12-21

. Craven N (1983) Generation of neutrophil chemoattractants by phagocy-

tosing bovine mammary macrophages. Res Vet Sci 35:310-317

. Niedziela DA, Murphy MP, Grant J, Keane OM, Leonard FC (2020) Clinical

presentation and immune characteristics in first-lactation holstein-frie-
sian cows following intramammary infection with genotypically distinct
Staphylococcus aureus strains. J Dairy Sci 103:8453-8466

. Niedziela DA, Cormican P, Foucras G, Leonard FC, Keane OM (2021)

Bovine milk somatic cell transcriptomic response to Staphylococcus
aureus is dependent on strain genotype. BMC Genom 22:796

. Reinhardt TA, Sacco RE, Nonnecke BJ, Lippolis JD (2013) Bovine milk pro-

teome: quantitative changes in normal milk exosomes, milk fat globule
membranes and whey proteomes resulting from Staphylococcus aureus
mastitis. Proteomics 82:141-154

. Huang J, Luo G, Zhang Z,Wang X, Ju Z, Qi C, Zhang Y, Wang C, Li R, Li J

(2014) iTRAQ-proteomics and bioinformatics analyses of mammary tissue


https://doi.org/10.1186/s13567-023-01162-0
https://doi.org/10.1186/s13567-023-01162-0

Winther et al. Veterinary Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

(2023) 54:32

from cows with clinical mastitis due to natural infection with Staphylo-
cocci aureus. BMC Genomics 15:839

Lutzow YCS, Donaldson L, Gray CP, Vuocolo T, Pearson RD, Reverter

A, Byrne KA, Sheehy PA, Windon R, Tellam RL (2008) Identification of
immune genes and proteins involved in the response of bovine mam-
mary tissue to Staphylococcus aureus infection. BMC Vet Res 4:18
Detilleux J (2009) Genetic factors affecting susceptibility to udder patho-
gens. Vet Microbiol 134:157-164

BronzoV, Lopreiato V, Riva F, Amadori M, Curone G, Addis MF, Cremonesi
P, Moroni P, Trevisi E, Castiglioni B (2020) The role of innate immune
response and microbiome in resilience of dairy cattle to disease: the
mastitis model. Animals 10:1397

Lima SF, Teixeira AG, Lima FS, Ganda EK, Higgins CH, Oikonomou G,
Bicalho RC (2017) The bovine colostrum microbiome and its association
with clinical mastitis. J Dairy Sci 100:3031-3042

Braem G, De Vliegher S, Verbist B, Heyndrickx M, Leroy F, De Vuyst L (2012)
Culture-independent exploration of the teat apex microbiota of dairy
cows reveals a wide bacterial species diversity. Vet Microbiol 157:383-390
Falentin H, Rault L, Nicolas A, Bouchard DS, Lassalas J, Lamberton P, Aubry
J-M, Marnet P-G, Le Loir Y, Even S (2016) Bovine teat microbiome analysis
revealed reduced alpha diversity and significant changes in taxonomic
profiles in quarters with a history of mastitis. Front Microbiol 7:480

Rault L, Lévéque P-A, Barbey S, Launay F, Larroque H, Le Loir Y, Germon

P Guinard-Flament J, Even S (2020) Bovine teat cistern microbiota
composition and richness are associated with the immune and microbial
responses during transition to once-daily milking. Front Microbiol
11.602404

Verma A, Ambatipudi K (2016) Challenges and opportunities of bovine
milk analysis by mass spectrometry. Clin Proteom 13:8

Zhang L, Boeren S, Van Hooijdonk A, Vervoort J, Hettinga K (2015) A pro-
teomic perspective on the changes in milk proteins due to high somatic
cell count. J Dairy Sci 98:5339-5351

Maity S, Das D, Ambatipudi K (2020) Quantitative alterations in bovine
milk proteome from healthy, subclinical and clinical mastitis during S.
aureus infection. Proteomics 223:103815

Hogarth CJ, Fitzpatrick JL, Nolan AM, Young FJ, Pitt A, Eckersall PD (2004)
Differential protein composition of bovine whey: a comparison of whey
from healthy animals and from those with clinical mastitis. Proteomics
4:2094-2100

@steras O, Solbu H, Refsdal A, Roalkvam T, Filseth O, Minsaas A (2007)
Results and evaluation of thirty years of health recordings in the norwe-
gian dairy cattle population. J Dairy Sci 90:4483-4497

Zougman A, Selby PJ, Banks RE (2014) Suspension trapping (STrap) sam-
ple preparation method for bottom-up proteomics analysis. Proteomics
14:1006-1000

Myrbraten IS, Stamsds GA, Chan H, Morales Angeles D, Knutsen TM,
Salehian Z, ShapavalV, Straume D, Kjos M (2022) SmdA is a novel cell
morphology determinant in Staphylococcus aureus. mBio 13:e0340421
Cox J, Mann M (2008) MaxQuant enables high peptide identification
rates, individualized ppb-range mass accuracies and proteome-wide
protein quantification. Nat Biotechnol 26:1367-1372

Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M (2014) Accurate
proteome-wide label-free quantification by delayed normalization and
maximal peptide ratio extraction, termed MaxLFQ. Mol Cell Proteomics
13:2513-2526

Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, Cox J
(2016) The Perseus computational platform for comprehensive analysis of
(prote) omics data. Nat Methods 13:731-740

Zhang X, Smits AH, Van Tilburg GB, Ovaa H, Huber W, Vermeulen M (2018)
Proteome-wide identification of ubiquitin interactions using UbIA-MS.
Nat Protoc 13:530-550

Zhang Q, Ma C, Gearing M, Wang PG, Chin L-S, Li L (2018) Integrated
proteomics and network analysis identifies protein hubs and network
alterations in Alzheimer’s disease. Acta Neuropathol Commun 6:19
Horvath S, Dong J (2008) Geometric interpretation of gene coexpression
network analysis. PLoS Comput Biol 4:21000117

Dohoo |, Smith J, Andersen S, Kelton D, Godden S (2011) Diagnosing
intramammary infections: evaluation of definitions based on a single milk
sample. J Dairy Sci. 94:250-261

Krukowski H, Saba L (2003) Bovine mycotic mastitis. Folia Vet 47:3-7

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 12 of 13

Langfelder P, Horvath S (2008) WGCNA: an R package for weighted cor-
relation network analysis. BMC Bioinformatics 9:559

Yip AM, Horvath S (2007) Gene network interconnectedness and the
generalized topological overlap measure. BMC Bioinformatics 8:22
Zhang B, Horvath S (2005) A general framework for weighted gene co-
expression network analysis. Stat Appl Genet Mol Biol 4:Article17
Thompson-Crispi K, Atalla H, Miglior F, Mallard BA (2014) Bovine mastitis:
frontiers in immunogenetics. Front Immunol 5:493

Oviedo-Boyso J, Valdez-Alarcén JJ, Cajero-Judrez M, Ochoa-Zarzosa

A, Lépez-Meza JE, Bravo-Patino A, Baizabal-Aguirre VM (2007) Innate
immune response of bovine mammary gland to pathogenic bacteria
responsible for mastitis. J Infect 54:399-409

Kobayashi SD, DeLeo FR (2009) Role of neutrophils in innate immunity:

a systems biology-level approach. Wiley Interdiscip Rev Syst Biol Med
1:309-333

Ezzat Alnakip M, Quintela-Baluja M, Béhme K, Ferndndez-No |, Caamafio-
Antelo S, Calo-Mata P, Barros-Veldzquez J (2014) The immunology of
mammary gland of dairy ruminants between healthy and inflammatory
conditions. J Vet Med 2014:659801

Tong J, Sun M, Zhang H, Yang D, Zhang Y, Xiong B, Jiang L (2020) Prot-
eomic analysis of bovine mammary epithelial cells after in vitro incuba-
tion with S. agalactiae: potential biomarkers. Vet Res 51:98

Williamson J, Callaway T, Rollin E, Ryman V (2022) Association of

milk somatic cell count with bacteriological cure of intramammary
infection—a review. Agriculture 12:1437

Libera K, Konieczny K, Witkowska K, Zurek K, Szumacher-Strabel M, Cieslak
A, Smulski S (2021) The association between selected dietary minerals
and mastitis in dairy cows—A review. Animals 11:2330

Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W,
Brinkmann'V, Jungblut PR, Zychlinsky A (2009) Neutrophil extracellular
traps contain calprotectin, a cytosolic protein complex involved in host
defense against Candida albicans. PLoS Pathog 5:1000639

Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
Weinrauch Y, Zychlinsky A (2004) Neutrophil extracellular traps kill bacte-
ria. Science 303:1532-1535

Jiang L-Y, Sun H-Z, Guan R-W, Shi F, Zhao F-Q, Liu J-X (2022) Formation

of blood neutrophil extracellular traps increases the mastitis risk of dairy
cows during the transition period. Front Immunol 13:880578

Hinz K, Larsen L, Wellnitz O, Bruckmaier R, Kelly A (2012) Proteolytic

and proteomic changes in milk at quarter level following infusion with
Escherichia coli lipopolysaccharide. J Dairy Sci 95:1655-1666

Wei Z, Wang J, Wang Y, Wang C, Liu X, Han Z, Fu'Y, Yang Z (2019) Effects of
neutrophil extracellular traps on bovine mammary epithelial cells in vitro.
Front Immunol 10:1003

Wortzel |, Seger R (2011) The ERK cascade: distinct functions within vari-
ous subcellular organelles. Genes Cancer 2:195-209

Huang F, Teng K, Liu Y, Wang T, Xia T, Yun F, Zhong J (2022) Nisin Z attenu-
ates lipopolysaccharide-induced mastitis by inhibiting the ERK1/2 and
p38 mitogen-activated protein kinase signaling pathways. J Dairy Sci
105:3530-3543

Gao X-J, Guo M-Y, Zhang Z-C, Wang T-C, Cao Y-G, Zhang N-S (2015)
Bergenin plays an anti-inflammatory role via the modulation of MAPK
and NF-kB signaling pathways in a mouse model of LPS-induced mastitis.
Inflamm 38:1142-1150

LiuK, Ding T, Fang L, Cui L, Li J, Meng X, Zhu G, Qian C, Wang H, Li J (2020)
Organic selenium ameliorates Staphylococcus aureus-induced mastitis in
rats by inhibiting the activation of NF-kB and MAPK signaling pathways.
Front Vet Sci 7:443

. Zhang D, Jin G, Liu W, Dou M, Wang X, ShiW, Bao'Y (2022) Salvia miltior-

rhiza polysaccharides ameliorates Staphylococcus aureus-induced mastitis
in rats by inhibiting activation of the NF-kB and MAPK signaling path-
ways. BMC Vet Res 18:201

. Yang C, Svitkina T (2011) Filopodia initiation: focus on the Arp2/3 com-

plex and formins. Cell Adh Migr 5:402-408

. Johnston SA, Bramble JP, Yeung CL, Mendes PM, Machesky LM (2008)

Arp2/3 complex activity in filopodia of spreading cells. BMC Cell Biol 9:65

. Cail,Tong J, Zhang Z, Zhang Y, Jiang L, Hou X, Zhang H (2020) Staphylo-

coccus aureus-induced proteomic changes in the mammary tissue of rats:
a TMT-based study. PLoS One 15:¢0231168

. Molenaar A, Grigor M, Davis S, Kim K, McCracken J, Magbool N, Callaghan

M, Harris P, Singh K, Haigh B (2008) The histatherin gene-a chimera of



Winther et al. Veterinary Research

64.

65.

66.

67.

68.

69.

(2023) 54:32

histatin and statherin in cattle, identified through targeted screening of
an EST database. Identity 37:3930

Sequencing BG, Consortium A, Elsik CG, Tellam RL, Worley KC, Gibbs RA,
Muzny DM, Weinstock GM, Adelson DL, Eichler EE, Elnitski L (2009) The
genome sequence of taurine cattle: a window to ruminant biology and
evolution. Science 324:522-528

Gray AL, Pun N, Ridley AJ, Dyer DP (2022) Role of extracellular matrix
proteoglycans in immune cell recruitment. Int J Exp Pathol 103:34-43
Plager DA, Loegering DA, Weiler DA, Checkel JL, Wagner JM, Clarke NJ,
Naylor S, Page SM, Thomas LL, Akerblom | (1999) A novel and highly
divergent homolog of human eosinophil granule major basic protein. J
Biol Chem 274:14464-14473

Baumann A, Kiener MS, Haigh B, Perreten V, Summerfield A (2017) Dif-
ferential ability of bovine antimicrobial cathelicidins to mediate nucleic
acid sensing by epithelial cells. Front Immunol 8:59

Addis M, Bronzo V, Puggioni G, Cacciotto C, Tedde V, Pagnozzi D, Locatelli
C, Casula A, Curone G, Uzzau S (2017) Relationship between milk catheli-
cidin abundance and microbiologic culture in clinical mastitis. J Dairy Sci
100:2944-2953

Giagu A, Penati M, Traini S, Dore S, Addis MF (2022) Milk proteins as
mastitis markers in dairy ruminants-a systematic review. Vet Res Commun
46:329-351

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Metataxonomic analysis and host proteome response in dairy cows with high and low somatic cell count: a quarter level investigation
	Abstract 
	Introduction
	Materials and methods
	Cows and sample collection
	DNA extraction, amplicon sequencing and sequence analysis
	Suspension trapping and liquid chromatography with tandem mass spectrometry (LC-MSMS)
	Label free quantification analysis of mass spectrometry data
	Differential expression analysis
	Weighted correlation network analysis (WGCNA)
	KEGG enrichment pathways and gene ontology enrichment analysis

	Results
	Amplicon sequencing
	General proteomics analysis revealed a clustering of samples with a high SCC
	Differential expression analysis uncovers a specific expression pattern in high SCC samples
	Weighted correlation network analysis uncovers 12 modules of similarly expressed proteins

	Discussion
	Anchor 18
	Acknowledgements
	References


