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Abstract

Background: S. aureus is one of the main pathogens responsible for the intra-mammary infection in dairy
ruminants. Although much work has been carried out to understand the complex physiological and cellular events
that occur in the mammary gland in response to S. aureus, the protective mechanisms are still poorly understood.
The objectives of the present study were to investigate gene expression during the early response of the goat
mammary gland to an experimental challenge with S. aureus, in order to better understand the local and systemic
response and to compare them in two divergent lines of goat selected for high and low milk somatic cell scores.

Results: No differences in gene expression were found between high and low SCS (Somatic Cells Score) selection
lines. Analysing the two groups together, an expression of 300 genes were found to change from TO before
infection, and T4 at 24 hours and T5 at 30 hours following challenge. In blood derived white blood cells 8 genes
showed increased expression between TO and T5 and 1 gene has reduced expression. The genes showing the
greatest increase in expression following challenge (5.65 to 3.16 fold change) play an important role in (i) immune
and inflammatory response (NFKBT, TNFAIP6, BASP1, IRF1, PLEK, BATF3); (ii) the regulation of innate resistance to
pathogens (PTX3); and (iii) the regulation of cell metabolism (CYTH4, SLC2A6, ARG2). The genes with reduced
expression (=1.5 to —2.5 fold) included genes involved in (i) lipid metabolism (ABCG2, FASN), (i) chemokine, cytokine
and intracellular signalling (SPPI), and (iii) cell cytoskeleton and extracellular matrix (KRT719).

Conclusions: Analysis of genes with differential expression following infection showed an inverse relationship
between immune response and lipid metabolism in the early response of the mammary gland to the S. aureus
challenge. PTX3 showed a large change in expression in both milk and blood, and is therefore a candidate for
further studies on immune response associated with mastitis.

Background

Mastitis is an inflammation of the mammary gland to
infection, and is usually caused by bacteria. Mastitis
represents one of the most economically important
health traits for milk production, which makes it among
the major concerns for the livestock sector [1]. Although
much work has been carried out in dairy ruminants to
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understand the complex physiological and cellular
events that occur in the mammary gland in response to
pathogens [2-4], the protective mechanisms are still
poorly understood. Invading pathogens activate the
immune defence in the udder, which is a complex bio-
logical process involving not only resident and recruited
immune cells, but also mammary epithelial and endothe-
lial cells. The result is an increase in the number of
somatic cells in milk. Polymorphic nuclear neutrophil
granulocytes are the predominant cell type recruited to
the gland [5,6], and their numbers increase 10- to 50-
fold during the first few hours following infection [7,8].
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The aetiology of the pathogens influences the severity
of the symptoms: contagious pathogens, such as
Staphylococcus aureus or Streptococcus agalactiae, cause
ongoing chronic disease and sub-clinical mastitis, while
the environmental coliform bacteria often cause acute,
clinical mastitis [9]. Variation in presentation of the dis-
ease between pathogens may be the result of differences
in the capability of the innate immune system to mount
initial defences. This may be linked to factors such as
recognition of pathogen derived antigen e.g. by Toll-like
receptors (TLR) or the mobilisation of bactericidal
effector molecules such as the p-defensins.

Immediate and appropriate recognition of the invading
pathogen is fundamental for the prompt and proper acti-
vation of the immune response of the host. Infection will
only be able to develop and the disease become manifest
if these mechanisms fail. Studies in humans and model
organisms have revealed that receptors and effector
molecules of the innate immune system are a crucial
first line of disease defence. An infection sets in motion
a, normally, well ordered cascade of defence mechanisms
to eliminate the pathogen, in which innate and adaptive
immune mechanisms cooperate. However, there are no
consistent descriptions of mastitis-related mammary
gland-specific expression of the key factors controlling
the innate immune system. Previous analyses have been
focused on effector mechanisms in later stages of the
adaptive immune response to an infection [10], studies
of the early phases of infection which could shed light
on innate defence mechanisms process in the udder
are currently missing. Such studies can only be achieved
in controlled infection experiments where the time of
infection and pathogen involved are known.

Disease response is a complex trait under multi-genic
control, which makes it difficult to develop appropri-
ate genetic selection strategies for improved immune
response. Nevertheless, a genetic component of host
responses to bacteria during intra-mammary infections
has been widely documented, and mastitis has a herit-
ability up to 20% in goats [11,12]. Breeding to improve
resistance to mastitis has had limited success, as very lit-
tle is known about the genetic basis of resistance and
functional complexity of the host pathogen interaction
during infection. The overriding problems of developing
an appropriate selection strategy to control mastitis are
(i) the plethora of pathogens that cause mastitis, each of
which may elicit a different immune response, and (ii)
the strong environmental and management effects on
the incidence of mastitis [13]. The number of somatic
cells in milk is correlated with intra-mammary infection
and cattle breeders have used somatic cell scores (SCS)
in genetic selection for reducing mastitis. However, it is
not certain how well SCS predicts immune response to
infection with a mastitis causing pathogens, or incidence
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of clinical mastitis. Nevertheless, breeding programmes
for mastitis resistance in dairy cattle [14,15] and sheep
[16] have used SCS as a selection criterion. For goats,
the relevance of SCS as a predictor of parameters of
udder health and the susceptibility against mastitis is still
untested.

Over the last decade techniques for studying the tran-
scriptome have improved dramatically, in particular the
use of microarrays that represent a large proportion of
the expressed genes. The application of these approaches
for dairy ruminants transcriptome profiling has identi-
fied genes, pathways and regulatory networks activated
in mammary tissues during experimental infection by
various pathogens, including E. coli, S. aureus and
S. uberis [10,17-21]. The meta-analysis of transcription-
profiling data from six independent studies of the mam-
mary gland infected with different pathogens identified
common signatures of infection among species and that
were characteristic of early vs late stage responses [22].

The objectives of the present study were to investigate
the early response of goats to a controlled infection with
S. aureus by following gene expression responses in
immune related cells in the blood and milk in order to
better understand the local and systemic response. The
study also compared the responses of two divergent lines
of goat selected for high and low milk SCS.

Results

Intra-mammary S. aureus growth following

experimental infection

Following intra-mammary experimental infection with
S. aureus, the pathogen could be cultured from the milk
of all 10 experimentally infected animals at 6 hours, and
at the final sampling 30h post-infection, S. aureus could
be cultured from 9 of the 10 infected animals. S. aureus
present in milk samples reached a maximum at 18h
post-infection with a mean of 5.8 logl0 CFU/ml (Colony
Forming Unit/ml) in the Low SCS (LSCS) line animals
and 6.1 logl0 CFU/ml the High SCS (HSCS) selection
line goats. The number of S. awureus then remained
constant for the rest of the study period (Figure 1).
Strain analysis using the RAPD-PCR (Randomly Ampli-
fied Polymorphic DNA-PCR) method confirmed that
S. aureus isolated from infected udders were the same as
the strain used for the infection (data not shown). The
control PBS-infused udders remained free from detect-
able infection throughout the study. No significant dif-
ference was observed in S. aureus counts at different
time points in milk from LSCS and HSCS goats.

Systemic and localized inflammatory responses to

S. aureus intra-mammary infection

As an indicator of a systemic response to S. aureus
infection, rectal temperatures were monitored throughout
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Figure 1 S. aureus counts in milk from LSCS (Low Somatic Cell Score) and HSCS (High Somatic Cell Score) goats at different
time points. Mean S. aureus log10 CFU/ml in milk was measured in LSCS and HSCS goats at 0, 6, 12, 18, 24 and 30 hours post infection.
S. aureus counts peaked at 18 h post-challenge with means of 5.8 log10 CFU/ml in LSCS line animals and 6.1 log10 CFU/ml HSCS selection
line goats. From 18 h to 30 h this value remained constant (paired t-test).

the study. Body temperature showed an upward trend
from O to 18 h post-infection, however, the increased
temperature was only significant (p=0.05) at the 24 and
30 h time points. Temperatures reached a maximum 30 h
after infection and reached a peak mean (+ S.D.) of 40.2
(+0.5) and 40.7 (+0.6) °C in LSCS and HSCS goats,
respectively, which is not a significant difference (Figure 2).

The systemic response to intra-mammary infection
with S. awureus was characterized by a significant
decrease (p=0.05) of total blood leukocyte (TBL) and of
neutrophil (NEU) numbers 18h post-infection. The TBL
and NEU counts were 13.7 and 6.0 x 10° cells/ml in
LSCS goats and 11.5 and 4.0 x 10% cells/ml in HSCS

goats. The lowest blood cell counts were reached at 30h
post-infection, when the TBL and NEU counts were 9.8
and 4.2 x 10% and 5.6 and 2.0 x 10° cells/ml in LSCS and
HSCS goats, respectively (Figure 3).

Changes in milk SCC (Somatic Cell Count) were mon-
itored as an indicator of local response. Mean milk SCCs
(x10%/ml), before S. aureus intra-mammary infection,
were 6.0 x10° and 4.5x10° for LSCS left and right udder
halves respectively, and 8.8 x10° and 5.2 x10° for HSCS
left and right udder halves respectively at T5. Increases in
milk SCC were initially observed after 18 h of infection.
Milk SCC in the right hand control udders, infused with
saline, remained unchanged throughout the study in
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Figure 2 Mean body temperature of LSCS (Low Somatic Cell Score) and HSCS (High Somatic Cell Score) goats. Rectal temperature was
monitored throughout the study. A temperature increase was only significant (paired t-test, p=0.05) at the 24 and 30 h time points and reached a
maximum 30 h after infection. A paired t-test was applied to milk SCC of right udders in LSCS and HSCS goats to test if the changes at each time
point were significant. No significant difference was observed in mean body temperature of LSCS and HSCS goats at different time points.
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Figure 3 Total blood leukocyte (TBL) and of neutrophils (NEU) counts of LSCS (Low Somatic Cell Score) and HSCS (High Somatic Cell
Score) goats. 18 h after challenge the TBL and NEU counts were 13,7 and 6 x 10° cells/ml in LSCS goats and 11,5 and 4 x 10° cells/ml in HSCS

goats, respectively. The lowest counts were reached at 30h post-infection (paired t-test).

LSCS goats, while milk SCC in right hand udder halves of
HSCS goats increased significantly (p=0.05) (Figure 4).
The differential milk somatic cell composition was
compared between LSCS and HSCS goats before and
following infection. The mean proportion of macro-
phages in LSCS (19.98%) and HSCS (11.39%) prior to
challenge was statistically significant (p=0.030; Table 1).
After the challenge, for LSCS a significant increase in
neutrophils was observed at T4 vs TO (p=0.0031) and
T5 vs TO (p=0.0010) and decrease was observed for
macrophages (T4 vs T0, p=0.0085; T5 vs TO p=0.0009),
lymphocytes (T4 vs TO, p=0.014; T5 vs T0, p=0.016) and
epithelial cells (T4 vs TO, p=0.014; T5 vs TO, p=0.049)
(Additional file 1). For HSCS a significant increase in
neutrophils was found at T5 vs TO (p=0.028), while

significant decreases were seen for macrophages (T4 vs
TO, p=0.016; T5 vs TO, p=0.010) and for epithelial cells
(T5 vs TO, p=0.027).

Therefore, statistically different increase and variations
in somatic cell composition were seen in the in right
hand udder halves of HSCS vs LSCS goats (Figure 4 and
Table 1), whereas there were no statistically significant
differences in either blood or milk between the HSCS
and LSCS goats for the other phenotypic responses (i.e.
rectal temperature, milk SCC, TBL, NEU) at any of the
time points after infection.

Gene expression analysis of milk samples
No differences in gene expression were found at any
of the time points between the two selection lines
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Figure 4 Somatic cell count of LSCS (Low Somatic Cell Score) and HSCS (High Somatic Cell Score) goats in right and left udders.
Mean milk SCC (x10%/ml) of LSCS and HSCS goats in left udders (S. aureus-infected) and in right udders (PBS-infused) was measured at 0, 6, 12,
18, 24 and 30 hours post infection. Increases in milk SCC were initially observed after 18 h of infection. Milk SCC in the right hand control
udders remained unchanged throughout the study in LSCS goats, while milk SCC in left hand udder halves of HSCS goats increased twofold
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Table 1 Differential cell counts (DCCs) in milk somatic cells in LSCS and HSCS animals during five time points post-
infection. Mean and Standard Deviation (Dev. St) of the percentages of polymorfonuclear (PMN), macrophages (M),
lymphocytes (L) and epithelial cells (E) at all time points are indicated

Mean TO Dev.St MeanT1 Dev.St MeanT2 Dev.St MeanT3 Dev.St MeanT4 Dev.St MeanT5 Dev. St
LSCS  PMN 5243 11.16 55.14 10.70 58.26 12.72 65.80%* 10.05 83.55%** 4.99 85.21%** 778
M 19.98 6.34 12.89 292 14.57 832 10.88** 493 4.76%%* 3.08 4477 492
L 826 437 1035 573 9.1 532 535 246 1.49%* 1.07 0.20%* 045
E 1932 347 2162 953 18.06 7.58 17.98 7.20 10.20%* 368 10.18** 4.68
HSCS  PMN 56.26 17.11 5841 12.09 55.05 857 69.33 19.46 82.64 8.36 84.50** 8.58
M 11.39 2.02 11.72 2.55 8.62%* 2.84 5.30%* 2.73 4.09%* 2.58 461% 2.83
L 9.15 924 9.80 4.16 778 7.83 1.97 2.08 091 1.55 0.55 0.80
E 23.21 842 20.07 7.02 28.55 9.20 2341 2012 12.36 6.83 10.35%* 6.33

**p-value < 0.05; ***p-value < 0.01.

(HSCS vs LSCS). Analysing the two groups together
(HSCS + LSCS), a total of 300 genes were found to be
differentially expressed (p value < 0.01 and log2 fold
change > 1.5) in milk SCC between TO and T4 and 128
genes between TO and T5. Among these genes, the ma-
jority (251 for T4 vs TO and 123 for T5 vs T0) showed
an increase in expression. Ingenuity Pathway Analysis
(IPA; Ingenuity Systems, Inc.), was able to identify
259 and 127 genes respectively for T4 and T5 of milk
samples, based on comparative annotation using human
or mouse orthologs within the IPA Knowledge base
(Additional files 2 and Additional file 3). The 10 genes
in milk somatic cells (MSC) showing the greatest
increase in expression post infection between 5.6 and 3.2
fold (Table 2) play an important role in (i) immune and
inflammatory response (NFKBI, TNFAIP6, BASP1, IRFI,
PLEK, BATF3); (ii) the regulation of innate resistance to
pathogens (PTX3); and (iii) the regulation of cell metab-
olism (CYTH4, SLC2A6, ARG2). Fewer genes showing
reduced expression between -1.5 to -2.5 fold (Table 3)
were involved in (i) lipid metabolism (ABCG2, FASN),
(ii) chemokine, cytokine and intracellular signalling (SPPI),
and (iii) the cytoskeleton and extracellular matrix (KRT19).

Canonical pathway

The most represented canonical signalling and metabolic
pathways among the differentially expressed genes at
T4 and T5 included MIF-mediated Glucocorticoid Regu-
lation, MIF Regulation of Innate Immunity, NF-kB
Signalling, IL-10 Signalling and Hypoxia Signalling in
Cardiovascular System for T4 and Production of Nitric
Oxide and Reactive Oxygen Species in Macrophages,
LXR/RXR Activation, Toll-like Receptor Signalling,
Acute Phase Response Signalling and MIF-mediated
Glucocorticoid Regulation for T5 (Table 4 and Additional
file 4). The majority of genes with > 1.5 fold change in
expression between TO and T5 within these pathways
had an increase in expression. Among the five path-
ways, three were related to immune or inflammatory

functions: IL-10 Signalling, which limits the inflamma-
tory response, Production of Nitric Oxide and Reactive
Oxygen Species in Macrophages and MIF-mediated
Glucocorticoid regulation, which promote the inflamma-
tory response. The pathway analysis also revealed that
the Toll-like Receptor Signalling pathway was activated.
Toll-like receptor activation is known to stimulate the
synthesis of pro-inflammatory cytokines and chemokines
in response to the bacterial infection, and the LXR/RXR
Activation pathway which is involved in inflammation
and lipid metabolism.

At T4 and T5, 19 and 11 networks were identified
using Ingenuity pathway analysis, respectively. The T4
networks contained a total of 244 differentially expressed
genes which were involved in pathways and functions in-
cluding the Cellular Movement, Haematological System,
Immune Cell Trafficking, Haematopoiesis, Tissue Devel-
opment, Antigen Presentation, Cellular Compromise,
Cellular Function and Maintenance and Inflammatory
Response. The T5 networks contained a total of 109
differentially expressed genes involved in pathways and
functions including Inflammatory Response, Digestive
System Development and Function, Hepatic System Devel-
opment and Function, Cell-To-Cell Signalling and Inter-
action, Tissue Development, Haematological System
Development and Function, Kidney Failure, Organismal
Injury and Abnormalities, Renal and Urological Disease,
Tumor Morphology, Amino Acid Metabolism, Small
Molecule Biochemistry, Cell Death, Cellular Compromise.

Meta-analysis

The meta-analysis of expression data from the milk sam-
ples cells across all the time points identified twenty dif-
ferentially expressed genes (p value <0.0001). These
genes could be placed into 5 pathways, with 1 gene
(NFKBI) in common. Two genes (TLR2 and NFKBIA)
were common to 3 pathways: Toll like receptor signal-
ling, role of pattern recognition receptors in recognition
of bacteria and viruses, production of nitric oxide and
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Table 2 List of the top 10 genes with the greatest increase in expression post infection in milk somatic cells due to
intra-mammary infection with S. aureus

Gene Gene name Primary functions Log fold
symbol change
T4
PTX3 Pentraxin 3, long regulation of innate resistance to pathogens, inflammatory reactions, 56
possibly clearance of self-components and female fertility
PLEK Pleckstrin Major protein kinase C substrate of platelets 44
IRF1 interferon regulatory factor 1 binds to the upstream regulatory region of type | IFN and IFN-inducible 43
MHC class | genes (the interferon consensus sequence (ICS)) and
activates those genes. Acts as a tumor suppressor
NCF1 neutrophil cytosolic factor 1 activation of the latent NADPH oxidase (necessary for superoxide 40
production)
SLC2A6 solute carrier family 2 Facilitative glucose transporter; binds cytochalasin B with low affinity 39
(facilitated glucose transporter),
member 6
BASPI1 brain abundant, membrane encodes a membrane bound protein with several transient 39
attached signal protein 1 phosphorylation sites and PEST motifs
CYTH4 cytohesin 4 Promotes guanine-nucleotide exchange on ARF1 and ARF5. Promotes the 39
activation of ARF through replacement of GDP with GTP
TNFAIP6 tumor necrosis factor, alpha-induced involved in cell-cell and cell-matrix interactions during inflammation and 38
protein 6 tumorigenesis
COL3A1 collagen, type Ill, alpha 1 Collagen type Ill occurs in most soft connective tissues along with type | 38
collagen
BATF3 basic leucine zipper transcription negative regulator of AP-1-mediated transcription by heterodimerizing 37
factor, ATF-like 3 with JUN and binding DNA at 12-O-tetradecanoylphorbol-13-acetate
response elements (TRE) (consensus: 5-TGA[CG]JTCA-3"). Represses IL.2 and
MMP1 promoter activities
T5
PTX3 Pentraxin 3, long regulation of innate resistance to pathogens, inflammatory reactions, 53
possibly clearance of self-components and female fertility
ST00A9 S100 calcium binding protein A9 Calcium-binding protein. Has antimicrobial activity towards bacteria 38
and fungi. Important for resistance to invasion by pathogenic bacteria.
Up-regulates transcription of genes that are under the control of
NF-kappa-B. Plays a role in the development of endotoxic shock in
response to bacterial lipopolysaccharide (LPS) (By similarity). Promotes
tubulin polymerization when unphosphorylated. Promotes phagocyte
migration and infiltration of granulocytes at sites of wounding. Plays a
role as a pro-inflammatory mediator in acute and chronic inflammation
and up-regulates the release of IL8 and cell-surface expression of ICAM1.
Extracellular calprotectin binds to target cells and promotes apoptosis.
Antimicrobial and proapoptotic activity is inhibited by zinc ions
ICAM1 intercellular adhesion molecule 1 During leukocyte trans-endothelial migration, ICAM1 engagement 37
promotes the assembly of endothelial apical cups through ARHGEF26/
SGEF and RHOG activation. In case of rhinovirus infection acts as a cellular
receptor for the virus
Sob2 superoxide dismutase 2, mitochondrial Destroys radicals which are normally produced within the cells and which 35
are toxic to biological systems
PLEK Pleckstrin Major protein kinase C substrate of platelets 34
ST00A8 S100 calcium binding protein A8 Calcium-binding protein. Has antimicrobial activity towards bacteria and 34

fungi. Important for resistance to invasion by pathogenic bacteria.
Up-regulates transcription of genes that are under the control of
NF-kappa-B. Plays a role in the development of endotoxic shock in
response to bacterial lipopolysaccharide (LPS) (By similarity). Promotes
tubulin polymerization. Promotes phagocyte migration and infiltration of
granulocytes at sites of wounding. Plays a role as pro-inflammatory
mediator in acute and chronic inflammation and up-regulates the release
of IL8 and cell-surface expression of ICAM1. Extracellular calprotectin
binds to target cells and promotes apoptosis. Antimicrobial and
proapoptotic activity is inhibited by zinc ions
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Table 2 List of the top 10 genes with the greatest increase in expression post infection in milk somatic cells due to

intra-mammary infection with S. aureus (Continued)

Plays an indispensable role in the organization of KRT8/KRT18 filaments. 32
Acts as an endogenous molecular chaperone for neuronal proteins

including huntingtin. Has a stimulatory effect on the ATPase activity of
HSP70 in a dose-dependent and time-dependent manner and hence acts
as a co-chaperone of HSP70. Reduces huntingtin aggregation associated
with HD. Also reduces cellular toxicity and caspase-3 activity

involved in cell-cell and cell-matrix interactions during inflammation and 3.1

Component of the NADPH-oxidase, a multicomponent enzyme system 3.1

responsible for the oxidative burst in which electrons are transported
from NADPH to molecular oxygen, generating reactive oxidant
intermediates. It may be important for the assembly and/or activation of
the NADPH-oxidase complex

DNAJB6 DnalJ (Hsp40) homolog, subfamily B,
member 6
TNFAIP6 tumor necrosis factor, alpha-induced
protein 6 tumorigenesis
NCF4 neutrophil cytosolic factor 4, 40kDa
STEAP4 STEAP family member 4

Metalloreductase that has the ability to reduce both Fe(3+) to Fe(2+) and 3.1

Cu(2+) to Cu(14). Uses NAD(+) as acceptor. Play a role in systemic
metabolic homeostasis, integrating inflammatory and metabolic responses
(By similarity). Associated with obesity and insulin-resistance. Involved in
inflammatory arthritis, through the regulation of inflammatory cytokines.
Inhibits anchorage-independent cell proliferation

reactive oxygen species in macrophages. The remaining
17 genes were distributed as follows: 9 genes (HDACS,
BTK, ARHGEF4, RALA, RALB, FCERIG, LYN, MYL10
and ITGA3) in phospholipase C signalling pathway,
2 genes (IFNGR2 and IRFS) in production of nitric oxide
and reactive oxygen species in macrophages, 2 genes
(ILIRN and ILIORB) in IL-10 signalling, 1 gene (TIRAP)
in toll like receptor signalling and 3 genes (PTX3,
CLEC7A and NOD?2) in role of pattern recognition recep-
tors in recognition of bacteria and viruses (Figure 5;
Additional file 5).

Gene expression analysis in White Blood Cells (WBC)

No changes in expression were found between TO and
T1, T2, T3, T4 for WBC either in the HSCS or LSCS
lines, or if the data from both lines were combined.
However, analysing the combined data, at T5 9 genes
were found to be differentially expressed when compared
with TO (p value < 0.05 and log2 fold change > 1.5). Eight
of these genes showed an increased level of expression
and one showed a decrease in expression (Table 5).

Real-time PCR analyses for microarray data validation

The expression of RPLI13A (Ribosomal Protein L13A)
showed no significant variation among time points for
both milk and blood cells on the array and was therefore
used as reference gene for qPCR for both milk and
blood samples.

Real-time qPCR was used to confirm the gene expres-
sion differences in expression of some genes between
24 h (T4) and 30 h (T5) post challenge for milk derived
cells and 30 h (T5) for blood cells.

The gene with the greatest increase in expression from
the array data was the PTX3 (Pentraxin 3), which

showed a logFC of 5.6 in the milk derived cells at T4
and a logFC of 5.0 in blood cells at T5. The strong
increase in gene expression of this gene was confirmed
by qPCR with a logFC of 8.6 (T4 vs T0) and 8.9 (T5 vs
TO) for milk and 7.2 (T5 vs T0) for blood samples.

Changes in expression observed at 30 h after challenge
(T5 vs TO), from the microarray data were confirmed by
qPCR for following genes: S100 calcium-binding protein
A8 (logFC 3.0), hormone receptor-like 1 (logfC 3.0),
hormone receptor-like 1 precursor (logFC 3.3) genes
for blood and colony stimulating factor 3 receptor
(logFC 4.4), Complement C3 precursor (logfFC 5.6), IL-
18 receptor beta (logFC 5.9), leukocyte elastase inhibitor
(logFC 3.9), myeloid differentiation (logFC 3.2), pellino
protein (logFC 4.3), T-cell activation Rho (logFC 4.4),
Thrombomodulin fragment (logFC 3.9), Toll-like recep-
tor 4 precursor (logFC 5.5), tumor necrosis factor (logfC
6.7) genes for milk samples (Additional files 6 and
Additional file 7).

Discussion

This study used a custom microarray to characterise the
changes in gene expression during the early response
of the goat mammary gland following intra-mammary
infection with S. aureus. As insufficient caprine sequences
were available to create a dedicated goat array, a bovine
Combimatrix 90K custom array was used [23]. Technical
replicates in preliminary cross species hybridization
experiments showed good correlation between replicates
confirming the possibility to successfully use this micro-
array for gene expression analysis in goats. The potential
mis-identification of genes using a cross species array was
considered to be a potential problem, however, this could
be corrected for using specific probes in a subsequent
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Table 3 List of the top 10 genes with an expression decrease in milk somatic cells due to intra-mammary infection
with S. aureus

Gene
symbol

Gene name

Primary functions

Log fold
change

T4
SPP1

ABCG2

CD24

KRT19

EXOSC2

HDACT0

C50RF56

ELF5

MID2

REG3G

T5
FASN

CCNB2

secreted phosphoprotein 1

ATP-binding cassette, sub-family

G (WHITE), member 2

CD24 molecule

keratin 19

exosome component 2

histone deacetylase 10

chromosome 5 open reading
frame 56

E74-like factor 5 (ets domain
transcription factor)

midline 2

RNA binding motif protein 5

fatty acid synthase

cyclin B2

Acts as a cytokine involved in enhancing production of interferon-gamma
and interleukin-12 and reducing production of interleukin-10 and is essential
in the pathway that leads to type | immunity (By similarity)

Xenobiotic transporter that may play an important role in the exclusion of
xenobiotics from the brain. May be involved in brain-to-blood efflux. Appears
to play a major role in the multidrug resistance phenotype of several cancer
cell lines. When overexpressed, the transfected cells become resistant to
mitoxantrone, daunorubicin and doxorubicin, display diminished intracellular
accumulation of daunorubicin, and manifest an ATP-dependent increase in
the efflux of rhodamine 123

Modulates B-cell activation responses. Signaling could be triggered by the
binding of a lectin-like ligand to the CD24 carbohydrates, and transduced by
the release of second messengers derived from the GPI-anchor. Promotes
AG-dependent proliferation of B-cells, and prevents their terminal differentiation
into antibody-forming cells

Involved in the organization of myofibers. Together with KRT8, helps to link the
contractile apparatus to dystrophin at the costameres of striated muscle

Component of the exosome 3"->5" exoribonuclease complex, a complex that
degrades inherently unstable mRNAs containing AU-rich elements (AREs) within
their 3" untranslated regions. Required for the 3'processing of the 7S pre-RNA
to the mature 5.85 rRNA. Has a 35" exonuclease activity

Responsible for the deacetylation of lysine residues on the N-terminal part of the
core histones (H2A, H2B, H3 and H4). Histone deacetylation gives a tag for
epigenetic repression and plays an important role in transcriptional regulation,
cell cycle progression and developmental events. Histone deacetylases act via
the formation of large multiprotein complexes

Homo sapiens chromosome 5 open reading frame 56 (C50rf56), mRNA

Transcriptionally activator that may play a role in regulating the later stages of
keratinocytes terminal differentiation

The protein encoded by this gene is a member of the tripartite motif (TRIM) family.
The TRIM motif includes three zinc-binding domains, a RING, a B-box type 1 and a
B-box type 2, and a coiled-coil region. The protein localizes to microtubular
structures in the cytoplasm.

Might be a stress protein involved in the control of bacterial proliferation
(By similarity)

Fatty acid synthetase catalyzes the formation of long-chain fatty acids from
acetyl-CoA, malonyl-CoA and NADPH. This multifunctional protein has 7 catalytic
activities and an acyl carrier protein

Essential for the control of the cell cycle at the G2/M (mitosis) transition

—24

=20

-20

=15

qPRC confirmation step. Thirteen genes with differential
expression pre and post infection identified from the
microarray analysis were tested by qPCR. In all cases the
direction and magnitude of the change in expression seen
on the array was confirmed, thus validating the use of the
bovine array with goat.

Transcriptome differences between high and low SCC
animal groups

Somatic cell score is strongly correlated with intra-
mammary infection, and mastitis incidence in cattle.
Somatic cells score is used in genetic selection with the

hope that this will select animal genetically less suscep-
tible to mastitis. Pathogens can only multiply in suffi-
cient quantity to become resident in the gland if the
defence mechanisms fail, or are slow to respond to the
infection. Therefore, control of invading pathogens
within the mammary gland is crucial to prevent the
establishment of an infection in the udder, therefore
immune cell recruitment is an important part of mam-
mary gland defence against pathogens. Understanding
the genetic basis of activation and recruitment of these
cells is therefore important to understand the role of
these cells in mastitis defence.
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Table 4 Most significant affected IPA canonical pathways
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Canonical pathway (IPA) Genes P-value Ratio

T4

MIF-mediated Glucocorticoid Regulation TLR4, NFKBIA, CD14, PTGS2, NFKBIB, NFKB1 467E-06 6/41

MIF Regulation of Innate Immunity TLR4, NFKBIA, CD14, PTGS2, NFKBIB, NFKB1 1.8E-05 6/49

NF-kB Signalling TLR4, IL1A, TGFBR1, RIPK1, NFKBIA, MYD88, BMP2, RELB, TNFAIP3, 246E-05 11/176
NFKBIB, NFKB1

IL-10 Signalling IL18RAR, ILTA, NFKBIA, CD14, ARG2, NFKBIB, NFKB1 447E-05 7/78

Hypoxia Signalling in the Cardiovascular System HSP90B1, UBE2H (includes EG:7328), NFKBIA, UBE2B, HIF1A, 5.4E-05 7/71
NFKBIB, UBE2L6

T5

Production of Nitric Oxide and Reactive Oxygen TLR4, PPP1R3D, NFKBIA, ARG2, NCF4, NFKB1, RHOH, IRF1, SIRPA 1.98E-06 9/189

Species in Macrophages

LXR/RXR Activation TLR4, IL18RAR, FASN, CD14, ARG2, NFKB1 1.85E-05 6/93

Toll-like Receptor Signalling TLR4, NFKBIA, MYD88, CD14, NFKB1 2.72E-05 5/55

Acute Phase Response Signalling SOD2, C3, NFKBIA, MYD88, OSM, SERPINAT, NFKBI, SAAT 3.59E-05 8/183

MIF-mediated Glucocorticoid Regulation TLR4, NFKBIA, CD14, NFKB1 8.09E-05 4/41

Five most significant canonical pathways identified with IPA using the significantly affected genes for T, and Ts. The identified canonical pathways are listed from
the lowest to the highest p-value, and are reported with the involved genes and the corresponding ratio (# of genes involved/ # of known genes in the pathway).

Goats from two lines selected for high and low SCS
were investigated in this study with the hypothesis that
the mammary response and function may differ between
the lines. A significant difference in macrophage num-
bers in the udder was observed between the two diver-
gent selection lines prior to infection (TO0). As
macrophages are the first cellular type involved in the
elimination of invading bacteria, the difference may re-
sult in dissimilarities between the HSCS and LSCS in
early response to natural infection. However, no differ-
ences in gene expression in the milk derived cells

between the two lines were observed following the
experimental challenge carried out in this study. The
changes in the numbers and ratios between of cell types
are variables dependent on the individual with as much
variation seen between compared within line.

Changes expression were also measured in WBC to
examine the type and kinetics of systemic in addition to
m