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Summary
Mastitis is a frequent disease in modern dairy cows, but ancient cattle breeds seem to be naturally more resistant to it. Primary bovine
mammary epithelial cells from the ancient Highland and White Park (n = 5) cattle and the modern dairy breeds Brown Swiss and Red
Holstein (n = 6) were non-invasively isolated from milk, cultured, and stimulated with the heat-inactivated mastitis pathogens
Escherichia coli and Staphylococcus aureus to compare the innate immune response in vitro. With reverse transcription quantitative
polymerase chain reaction (RT-qPCR), the breeds differed in the basal expression of 16 genes. Notably CASP8, CXCL8, Toll-like
receptors 2 and 4 (TLR2 and TLR4) expression were higher in the ancient breeds (P < 0.05). In the modern breeds, more genes
were regulated after stimulation. Breed differences (P < 0.05) were detected in C3, CASP8, CCL2, CD14, LY96 and transforming
growth factor β1 (TGFβ1) regulation. Principal component analysis separated the ancient from the modern breeds in their basal
expression, but not after stimulation. ELISA of lactoferrin and serum amyloid A protein revealed breed differences in control and
S. aureus treated levels. The immune reaction of ancient breeds seemed less intensive because of a higher basal expression, which
has been shown before to be beneficial for the animal. For the first time, the innate immune response of these ancient breeds was
studied. Previous evidence of breed and animal variation in innate immunity was confirmed.

Keywords: breed comparison, primary bovine mammary epithelial cells, innate immune response, ancient and modern cattle breeds,
mastitis

Résumé
La mastite est une maladie fréquente chez les vaches laitières modernes. Or, les races bovines anciennes semblent être naturellement
plus résistantes. Dans le présent travail, des cellules primaires bovines épithéliales mammaires des races anciennes Highland et White
Park (n = 5), ainsi que des races laitières modernes Brown Swiss et Red Holstein (n = 6) ont été isolées du lait de façon non-invasive.
Ensuite, elles ont été cultivées, puis stimulées avec les pathogènes de la mastite Escherichia coli et Staphylocoque doré – tous les deux
préalablement inactivés par la chaleur – pour ainsi comparer la réponse immunitaire innée in vitro, utilisant la technique reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR). Il s’avère que les races diffèrent dans l’expression basale de 16 gènes.
Notamment, les expressions de CASP8, CXCL8, TLR2 et TLR4 étaient élevées dans les races anciennes (P < 0.05). Dans les races
modernes, c’est le nombre global des gènes régulés après stimulation qui était plus élevé. Des différences entre les races (P < 0.05)
ont été détectées quant à la régulation de C3, CASP8, CCL2, CD14, LY96 et TGFβ1. L’analyse des composantes principales a permis
de cloisonner les races anciennes des races modernes dans l’expression basale, mais pas après stimulation. Les mesures ELISA de lac-
toferrin et de sérum amyloïde A protéine ont dévoilé des différences interraciales entre le groupe du contrôle et du groupe
Staphylocoque doré. Dans son ensemble, la réaction immunitaire de races anciennes apparaissait moins intensive en fonction d’une
expression basale plus grande. Une telle atténuation avait préalablement été décrite comme étant bénéfique pour l’animal. Pour la
première fois la réponse immunitaire innée de ces races anciennes a été étudiée ici. De précédentes preuves de la variation interraciale,
ainsi qu’inter-animale, ont pu être confirmées par le présent travail.

Mots-clés: comparaison de races, cellules primaires épithéliales mammaires bovines, réponse immunitaire innée, races bovines
anciennes et modernes, mastite

Resumen
La mastitis es una enfermedad de gran incidencia en ganado bovino moderno destinado a producción lechera. Sin embargo, razas más
ancestrales y hoy en día casi en desuso parecen poseer una mayor resistencia natural a esta enfermedad. En el presente estudio se esta-
blecieron cultivos celulares de celulas mamarias provenientes de las razas ancestrales Highland y White Park (n = 5) y de las razas
modernas Brown Swiss y Red Holstein (n = 6), para después ser infectados con los patógenos Escherichia coli y Staphylococcus aur-
eus. Mediante reverse transcription quantitative polymerase chain reaction (RT-qPCR) se pudo determinar que la expresión basal de 16
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genes era diferente en las distintas razas. Los genes CASP8, CXCL8, TLR2 y TLR4 demonstran una mayor expresión en las razas
ancestrales (P < 0.05). Un mayor número de genes sufría una estimulación de su expresión tras la infección con los patógenos en
las razas modernas. Asi mismo fueron encontradas diferencias significativas (P < 0.05) entre razas en la regulación de C3, CASP8,
CCL2, CD14, LY96 y TGFβ1. La concentración de las proteínas lactoferrina y serum amyloid A también es diferente en las distintas
razas en células control y tratadas con Staphylococcus aureus. La reacción inmune tras infección fue generalmente menos intensa en
células provenientes de razas ancestrales, posiblemente debido a una mayor expresión basal en estas razas, un hecho que ha sido
demostrado beneficioso para el animal en trabajos previos. En resumen, los datos de este trabajo confirman la hipótesis previa de
una mayor inmunidad innata en razas bovinas ancestrales en comparación con las razas modernas empleadas hoy en día.

Palabras clave: comparación de razas, células primarias epiteliales mamarias bovinas, respuesta inmune innata, razas bovinas
antiguas y modernas, mastitis
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Introduction

Inflammation of the udder, or mastitis, causes major finan-
cial losses for farmers and diminishes the welfare of the
animals. Gram-negative bacteria such as the environment-
associated Escherichia coli mostly induce acute mastitis
that can be mild or severe with grave systemic clinical
symptoms (Burvenich et al., 2003). In contrast with that
the animal-associated Gram-positive Staphylococcus aur-
eus often leads to subclinical and chronic infections with
no or only mild symptoms (Riollet, Rainard and Poutrel,
2001). To better understand the disease process, primary
bovine mammary epithelial cells (pbMEC) can be studied
in vitro. Besides producing milk, these cells possess
immune functions. Upon pathogen recognition via
Toll-like receptors (TLRs) they secrete chemokines and
inflammatory cytokines to attract immune cells and trigger
the adaptive immune response. At the same time they also
produce antimicrobial peptides and acute phase proteins to
combat the pathogen directly (Rainard and Riollet, 2006).
Modern dairy breeds are potentially more affected by mas-
titis than ancient breeds owing to intensive selection of
milk production traits that have a negative genetic corre-
lation with mastitis resistance (Strandberg and Shook,
1989). Observations from cattle farmers report that ancient
cattle breeds that have never been selected for high milk
yield seem to be naturally more resistant or tolerant to mas-
titis. This could be caused by different environmental and
management conditions, but it could also be partly based
on different genetics. However, prediction of traits by gen-
etic values is only accurate if there are few large loci
responsible for the trait rather than many small loci
(Hayes et al., 2010). Regarding the large number of so
far identified candidate genes for mastitis traits (Ogorevc
et al., 2009) the latter can be assumed in the case of mastitis
resistance. In addition, conventional estimation of breeding
values showed that heritability of mastitis resistance is gen-
erally low (Heringstad, Klemetsdal and Steine, 2003). It is
difficult to find genetic markers for phenotypic resistance
when only the genomic architecture but not the resulting
functional outcome is studied. That is why we looked at

the functional phenotype of the innate immune system in
pbMEC of two ancient and two modern cattle breeds.
The Brown Swiss (BS) is one of the modern dairy breeds
that are commonly used in Germany with 180 000 milk-
controlled cows listed in Germany and an average milk
yield of 6 800 kg/year (European Brown Swiss
Federation, 2012). The Red Holstein (RH) cow is the
red-allele carrying variant of the Holstein breed. It has
been bred for high production traits for decades. Holstein
is superior to most other dairy cattle breeds worldwide in
terms of production and it is the most important dairy
breed in Germany with 240 000 recorded RH and 2 million
recorded Holstein cows that have an average milk yield of
8 245 and 9 008 kg/year (German Holstein Association,
2010). The British White Park (WP) cattle (Figure 1a)
has been extensively described (Alderson, 1997) and is
thought to be the oldest European cattle breed. Its descrip-
tions as a sacred animal dates back to the pre-Christian Irish
epics in the first century AD. It is hardy, robust and kept in
extensive low-input grazing systems or parks for beef pro-
duction (Alderson, 1997). Data from 11 male and 33
female WP cattle were available in Germany in 2009
(Biedermann et al., 2009) and the breed has been con-
sidered as endangered-maintained in the UK, their country
of origin (FAO, 2000). In Germany, the largest herd is kept
in the Arche Warder, a zoological park for ancient domestic
animal breeds (Biedermann et al., 2009). The robust and
hardy highland cattle (HLD) (Figure 1b) were originally
bred in Scotland hundreds of years ago (Dohner, 2001).
It was primarily used in extensive hill or mountain grazing
systems for beef production, but was also used to some
extent for dairy production (Dohner, 2001). With the herd
book established in 1885, it is one of the oldest registered
cattle breeds (Mason, 2002). Recent livestock numbers in
Germany were 2 785 female and 385 male animals in
2010 (BLE, 2012). Our goal was to investigate possible
phenotypic breed differences in the innate immune
response against mastitis. Therefore, we cultivated
pbMEC out of milk from these four breeds and stimulated
them with the two major mastitis pathogens E. coli and
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S. aureus. The breeds were compared in their mRNA
expression of 39 target genes of the innate immune system
via reverse transcription quantitative polymerase chain
reaction (RT-qPCR) and in the synthesis of three antimicro-
bial proteins via enzyme-linked immunosorbent assay
(ELISA).

Material and methods

Cell extraction from milk

Usually, pbMEC are cultivated from udder tissue after
biopsy or slaughter. We chose to culture them from milk
because it is a non-invasive method and therefore
especially suited for rare and valuable animals. It yields
less contamination by fibroblasts (Buehring, 1990) and
has been shown to be an applicable alternative to tissue
sampling (Sorg et al., 2012). For the modern breeds, six
healthy BS and six healthy RH cows (from research
stations of Technische Universität München, Freising,
Germany) in mid-to-late lactation were sampled in the
milking parlour by machine milking into an autoclaved
milk pail. For the ancient breeds, five healthy HLD
(from Arche Warder and a private farm in Rattenweiler,
Germany) and five healthy WP cattle (from Arche
Warder) in mid-to-late lactation were automatically milked
with a portable milking machine into an autoclaved milk
pail or by hand milking into autoclaved glass bottles.
The cells were extracted and cultivated with the method
described in Danowski et al. (2012a) until third passage
and stored in liquid nitrogen. Briefly, the milk was centri-
fuged at 1 850 g for 10 min to obtain the cell pellet. The
pellet was washed twice with Hank’s balanced salt sol-
ution (HBSS) containing 200 units/ml penicillin, 0.2 mg/
ml streptomycin, 0.1 mg/ml gentamicin and 8.3 µg/ml
amphotericin B (Sigma-Aldrich, Munich, Germany) and
centrifuged at 600 g for 5 min. It was then resuspended
in Dulbecco’s modified Eagle’s medium with nutrient mix-
ture F12 Ham (DMEM/F12 Ham, Sigma-Aldrich)

containing 10 percent fetal bovine serum (FBS, Gibco
Life Technologies, Darmstadt, Germany), 1 × ITS sup-
plement (Sigma-Aldrich), antibiotics as described above
and 1.76 µg/ml amphotericin B (Sigma-Aldrich). The
cells were cultivated in 25 cm2 tissue culture flasks
(Greiner, Frickenhausen, Germany) at 37 °C and 5 percent
CO2. For two subsequent passages, they were expanded
into 75 cm2 flasks (Greiner) by gently detaching them
with accutase (PAA, Pasching, Austria). Growth and mor-
phology was checked daily by light microscopy. After the
third passage, they were resuspended in freezing medium
(70 percent DMEM/F12 Ham, 10 percent FBS, 20 percent
dimethyl sulfoxide (DMSO)) and stored in liquid nitrogen.
Before freezing, a 16-well chamber slide (Nunc,
Langenselbold, Germany) was cultivated for immunocyto-
chemistry by seeding with 10 000 cells per well.

Bacteria

E. coli 1303 (Petzl et al., 2008) and S. aureus 1027 (Petzl
et al., 2008) had been isolated from cows with clinical
mastitis and shown to trigger the immune response in
vivo (Petzl et al., 2008) and in vitro (Gunther et al.,
2011). They were cultivated and harvested with the
method used in Danowski et al. (2012a, b) and stored at
−80 °C. Briefly, one colony of E. coli and of S. aureus
was each cultured at 37 °C in Luria–Bertani (LB) medium
containing 10 g/l yeast extract (Sigma-Aldrich), 10 g/l
NaCl and 5 g/l trypton (Sigma-Aldrich) or in CASO-
broth (Sigma-Aldrich), respectively, to the log-phase of
growth. Bacterial density was determined photometrically
at 600 nm. At several densities, a dilution series of E.
coli and S. aureus was cultivated on LB agar (Roth,
Karlsruhe, Germany) or on blood agar (Oxoid, Wesel,
Germany, with sheep blood from Fiebig,
Idstein-Niederauroff, Germany), respectively. The colonies
were counted to determine the desired bacterial count and
the corresponding optical density (OD). The cultivation
was repeated up to the desired OD and stopped by placing

Figure 1. (a) White Park cow (Arche Warder, Zentrum für alte Haus- und Nutztierrassen e.V., Warder, Germany; photo: Diana Sorg). (b) Highland cow and calf
(Rattenweiler, Germany; photo: Diana Sorg).
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the solutions on ice. The bacteria were harvested by cen-
trifugation for 10 min at 1 850 g and washed in PBS
twice. They were inactivated for 30 min at 63 °C in a
water bath. A diluted sample of both harvested cell pellets
was cultivated on a plate at 37 °C overnight to verify
inactivation.

Cell stimulation

The 22 cultures were reseeded at 30 000 cells per well in
one 12-well plate (Greiner) each and cultivated until
confluent. Cells from three wells from each plate were
then detached with accutase (PAA, Pasching, Austria)
and counted manually for an estimate of the mean cell
count per well in the other wells of the plate. Medium
was removed and fresh medium without FBS, antibiotics
and antimycotic was added. Heat-inactivated bacteria
were added in a multiplicity of infection (MOI) of 30 col-
ony forming units (cfu) per cell. This MOI was chosen as a
typical bacterial load from other experiments with pbMEC
(Danowski et al., 2012a; Gunther et al., 2009) to ensure
that every culture received the same stimulation per cell.
Control wells were left untreated. After 6 h of incubation,
two wells each of control and E. coli treated cells were
sampled from every plate. After 30 h, two wells each of
control, E. coli and S. aureus treated cells, were sampled.
After 78 h, two wells each of control and S. aureus treated
cells were sampled. The incubation times were chosen to
cover the often described earlier onset of the immune reac-
tion to E. coli and the later reaction to S. aureus
(Bannerman et al., 2004; Gunther et al., 2011; Petzl
et al., 2008). Cells were harvested with the lysis buffer
of the Qiagen AllPrep RNA/Protein kit (Qiagen, Hilden,
Germany).

Immunocytochemistry

Immunocytochemical staining of the epithelial marker
cytokeratin was performed as described in Danowski
et al. (2012a, b). Briefly, the cells were fixed on the slides
and permeabilized in ice cold methanol/acetone (1:1) for
10 min. They were washed three times for 5 min in
PBS-Tween (PBST). Endogenous peroxidases were
blocked in 1 percent H2O2 for 30 min. After washing,
background staining was reduced with goat serum (1:10
in PBST, DAKO, Glostrup, Denmark) for 10 min at
room temperature. Monoclonal mouse anti-cytokeratin
pan antibody clone C-11 (1:400 in PBST,
Sigma-Aldrich) was incubated overnight at 4 °C in moist
atmosphere protected from light. The negative control
wells received goat serum (1:10 in PBST) instead. After
washing, horseradish peroxidase (HRP) labelled goat
anti-mouse-immunoglobulin (1:400 in PBST, DAKO)
was incubated for 1 h. HRP was visualized with 0.01 per-
cent diaminobenzidine and 0.01 percent H2O2 in PBST for
15 min at room temperature and protected from light.
Nuclei were stained with Haemalaun after Mayer (Roth,
Karlsruhe, Germany) for 15 s and developed with tap

water. The slides were dehydrated in 50 percent ethanol,
100 percent ethanol and Rotihistol (Roth) for 2 min each
and covered with Eukitt (Roth) and a cover slip.

RNA and reverse transcription

The AllPrep RNA/Protein Kit together with the
RNAse-free DNAse set (both Qiagen, Hilden, Germany)
was used to extract total RNA and protein from the
lysed cells and remove DNA contamination following
manufacturer’s instructions. Concentration and purity of
the obtained RNA samples were measured with the
Nanodrop 1000 spectrophotometer (Peqlab, Erlangen,
Germany) at 260 nm. The integrity of the RNA was ana-
lysed with the RNA 6000 Nano Assay kit on Agilent
2100 Bioanalyzer (Agilent Technologies, Waldbronn,
Germany). For the reverse transcription to cDNA, a total
amount of 100 ng RNA was used in a reaction volume
of 30 µl containing 100 units of Moloney murine leukemia
virus (M-MLV) H(−) reverse transcriptase and 5 × buffer
(Promega, Mannheim, Germany), 0.5 mM dNTPs and
0.5 μM Oligo-d(T) primer (Fermentas, St. Leon-Rot,
Germany), and 2.5 μM random hexamer primers
(Invitrogen by Life Technologies, Darmstadt, Germany).
Reverse transcription reaction was run with annealing
(21 °C for 10 min), transcription (48 °C for 50 min) and
degrading phase (90 °C for 2 min). To check for genomic
DNA contamination, an RNA pool from each extraction
run was incubated with the same protocol without reverse
transcriptase.

PCR primer pairs

Primer pairs (Metabion, Martinsried, Germany) were
designed with HUSAR (DKFZ, German Cancer
Research Center, Heidelberg) or PrimerBLAST from
NCBI (National Center for Biotechnology Information,
National Library of Medicine, Bethesda, MD, USA)
using mRNA sequences from the NCBI. Specificity of pri-
mer pairs was checked via melting curve analysis and gel
electrophoresis of the amplified product. PCR efficiencies
of the assays were measured with a five-point dilution
series of three cDNA samples in qPCR triplicates and cal-
culated as described in Bustin et al. (2009). Name and
symbol, selected relevant functions taken from the Gene
Ontology Annotation (UniProt-GOA) database (Dimmer
et al., 2012), NCBI reference sequence number, primer
pair sequences and amplicon lengths of the genes
measured in RT-qPCR are shown in Supplementary
Table S1.

RT-qPCR

A primer-specific preamplification step was carried out to
adjust cycle of quantification (Cq) values to the measuring
range with the following temperature profile: 95 °C for 3
min followed by 18 cycles of 95 °C for 20 s, 55 °C for 3
min and 72 °C for 20 s. 4 μl cDNA were amplified in a
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volume of 20 µl with the iQ Supermix (Bio-Rad, Munich,
Germany) and a primer concentration of 25 nM (Metabion,
Martinsried, Germany) of each primer pair over 18 cycles.
RT-qPCR was done on the microfluidic high-throughput
BioMark™ HD system (Fluidigm, San Francisco, CA,
USA) (Spurgeon, Jones and Ramakrishnan, 2008). One
48.48 Gene Expression (GE) Dynamic Array chip was
used to measure PCR efficiencies of the assays and four
96.96 GE Dynamic Arrays were used to measure gene
expression in the samples. One representative and stably
expressed sample was chosen as between-chip calibrator
and measured repeatedly on all chips. 5 ìl sample premix
containing 2.5 μl SsoFast EvaGreen Supermix (Bio-Rad),
0.25 µl of sample loading reagent (Fluidigm), 0.1 µl
ROX (diluted 1:3, Invitrogen), 1.25 μl preamplified and
1:9 diluted cDNA and water, as well as 5 μl assay premix
containing 2 µl 10 µM primer pairs in the final concen-
tration of 4 ìM, 2.5 µl Assay loading reagent (Fluidigm)
and water were prepared and transferred to the primed
GE Dynamic Array 96.96. The samples and assays were
mixed inside the chip with the Nanoflex IFC controller
(Fluidigm). The final concentration of primers in the indi-
vidual reaction was 400 μM. The temperature profile was
98 °C for 40 s then followed by 40 cycles consisting of
95 °C for 10 s and 60 °C for 40 s. A melting curve of all
PCR products was performed after the run to check for
specificity. The Cq, where the fluorescence signal crossed
the threshold, was detected by the BioMark Data
Collection Software 2.1.1. built 20090519.0926
(Fluidigm, San Francisco, CA, USA). RT-qPCR was con-
ducted following the minimum information for the publi-
cation of quantitative real-time PCR experiments (MIQE)-
Guidelines (Bustin et al., 2009).

Data analysis of RT-qPCR

Melting Curve Analysis Software 1.1.0. built
20100514.1234 (Fluidigm) and Real-time PCR Analysis
Software 2.1.1. built 20090521.1135 (Fluidigm) were
used to determine the valid PCR reactions. Invalid reactions
were not used for later analysis and treated as missing data.
Owing to loss of measurement precision, Cq values higher
than 30 were treated as missing data and values between
25 and 30 were replaced by 25. Raw Cq values were pro-
cessed with Genex 5.3.2 (MultID Analyses AB,
Gothenburg, Sweden), using interplate calibration and refer-
ence gene normalization. Actin gamma 1 (ACTG1), keratin
8 (KRT8) and H3 histone, family 3A (H3F3A) were ident-
ified as suitable reference genes with the Normfinder tool
within Genex 5.3.2. (MultID). The subtraction of reference
gene Cq value index from target gene Cq value yielded the
dCq value. Genex 5.3.2 (MultID) was also used for princi-
pal component analysis (PCA). All other statistical calcu-
lations were conducted with SigmaPlot 11 (Systat,
Chicago, IL, USA) or SPSS Statistics Standard 21.0
(IBM, Armonk, NY, USA). Fold change in expression
was calculated with the 2−ddCq method (Livak and

Schmittgen, 2001). Independent t-tests were used to com-
pare basal expressions and fold changes in expression
between breeds (P < 0.05). Paired t-tests or signed rank
tests on dCq values were used to find differentially
expressed genes between treatment and control. Graphs
were drawn with SPSS (IBM) or SigmaPlot 11 (Systat). It
must be noted that no correction for multiple testing was
imposed on the P-values. This study is of descriptive and
explorative character only, not of a diagnostic one. Such a
correction would have been too stringent and masked
many of the differences.

Protein quantification with ELISA

Total protein content in the extracted cell protein was deter-
mined with the bicinchoninic acid (BCA) assay (Smith
et al., 1985) and measured with a photometer (Tecan,
Männedorf, Switzerland). Lactoferrin (LF) was measured
with the ELISA protocol and reagents used by Danowski
et al. (2012b). Cell protein was diluted 1:1 in PBST and
measured in duplicates. Interleukin-10 (IL-10) was deter-
mined using the ELISA protocol from Groebner et al.
(2011) with minor modifications: the capture antibody
mouse anti-bovine IL-10 antibody clone CC318 (AbD
Serotec, Düsseldorf, Germany) was used at 5 µg/ml and
the detection antibody biotinylated monoclonal mouse anti-
bovine IL-10 antibody clone CC320 (AbD Serotec) was
used at 1 µg/ml and incubated for 2 h. Samples were diluted
1:50 in PBST. Serum amyloid A (SAA) was measured in
30 h E. coli treated and control samples with the PHASE
Serum amyloid A Multispecies ELISA kit (TriDelta,
Maynooth, Ireland) according to manufacturer’s instruc-
tions. Samples were diluted 1:67 in PBST.

Data analysis of ELISA

LF contents were calculated from the standard curve
(Magellan data analysis software, Tecan, Männedorf,
Switzerland). They were normalized to the total protein
content of the sample and presented as ng LF/μg cell
protein. A paired t-test in SigmaPlot 11 (Systat, Chicago,
IL, USA) was used to test for differential expression of
LF between treated and control samples at each time
point (P < 0.05). Independent t-tests were used to compare
treated and control levels between breeds. Owing to a lack
of a commercial standard, relative IL-10 concentration was
determined by normalizing the OD to the total protein con-
tent of the sample. To avoid interplate bias we gave the
ratio of normalized ODs of treated and control samples
that were each measured together on the same plate, mul-
tiplied by 100, this yielded IL-10 in % of control. SAA
contents were determined with the standard curve as indi-
cated in the manual. A paired t-test or signed rank test in
SigmaPlot (Systat, Chicago, IL, USA) was used to com-
pare SAA content in 30 h E. coli treated and control
samples (P < 0.05). An independent t-test was used to
compare breeds (P < 0.05).
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Results

Cell culture and immunocytochemistry

An average of 5.98 million cells per animal with a range of
1–19 million cells was harvested for storage in liquid nitro-
gen. All the cultures showed a clear and continuous stain-
ing for cytokeratin, whereas the negative controls remained
unstained. No cell types other than epithelial-like cells
could be detected. All cultures showed the typical
cobblestone-like shape with varying cell sizes. An example
is shown in Supplementary Figure S2.

Gene expression

Table 1 shows the normalized basal expression of 16
innate immune genes in the untreated control samples
after 6, 30 and 78 h incubation. These 16 genes were dif-
ferentially expressed between breeds at one time point at
least. CXCL8, LPO, CD68, CASP8, TLR2, TLR4 and
MX2 were differentially expressed at all three time points.
Six genes of the TLR pathway were differentially
expressed at 6 h. Notably in CASP8, CXCL8, TLR2 and
TLR4, the ancient breeds had lower Cq values and there-
fore higher expression levels than the modern breeds.
WP had higher expression levels of CCL5, IL10, MX1
and MX2 than the other breeds. It also had a higher
CCL20, CD68 and LPO expression than RH.

Tables 2 and 3 show the relative fold changes in gene
expression of innate immune genes between control and
treated cells. Only genes that were differentially expressed
in one breed (P < 0.05) or were at least 1.5-fold up-regulated
are presented. Table 2 shows the fold changes in gene
expression after 6 and 30 h exposure to E. coli. After 6 h,
HLD had lower fold changes than BS in complement com-
ponent 3 (C3) and caspase 8 (CASP8), lower fold changes
than RH in chemokine (C-C motif) ligand 2 (CCL2) and
lymphocyte antigen 96 (LY96) and lower fold changes
than WP in lactoperoxidase (LPO). C3, chemokines and
cytokines were strongly up-regulated. Antimicrobial pep-
tides were only up-regulated in the modern breeds. S100
and MX genes were more differentially expressed in the
modern breeds. The most regulated gene after 6 h exposure
to E. coli was SAA3 with nearly 290-fold in RH. After 30 h
exposure to E. coli, BS had higher fold changes than RH in
CD14. C3, chemokines, cytokines and antimicrobial pep-
tides were strongly up-regulated. With the two E. coli treat-
ments, more of the antimicrobial peptides were up-regulated
in BS than in the other breeds. After 6 h exposure to E. coli
therewas no up-regulation of these in the ancient breeds. The
S100 and MX genes were only up-regulated in the modern
breeds. The most regulated gene after 30 h exposure to E.
coli was SAA3 with 1900-fold in RH. Table 3 shows the
fold changes in gene expression after 30 and 78 h exposure
to S. aureus. There were no breed differences after 30 h
exposure to S. aureus. The only differentially expressed
genes were the antimicrobial peptides LPO and LYZ1 in
WP and TLR4 in BS. After 30 h exposure to S. aureus

LYZ1 had the highest significant fold change with 1.6 in
WP. After 78 h exposure to S. aureus, HLD differed from
BS in transforming growth factor β1 (TGFβ1). They were
both down-regulated and differed from RH which was
up-regulated. LY96 was slightly elevated in HLD compared
withWP andRH.After 78 h exposure to S. aureus, the high-
est significant fold change was found in LF in RH with 1.6.
SEM was generally very high. In general, the modern breeds
had a higher number of regulated genes than the ancient breeds
(Tables 2 and 3). Figure 2 shows the PCA on the dCq values
of the control samples (Figure 2a) and the ddCq values, the
differences between control and treated dCqs (Figure 2b).
Each symbol represents all data of all respective samples
from one animal. A visual clustering can be observed in
the basal expression (Figure 2a): RH and BS form two sub-
groups in the lower half of the picture. WP and HLD are
mixed together, but separated from the modern breeds in
the upper half of the graph. No such separation is visible
in the PCA on the ddCqs of gene expression.

Protein production

LF content in total cell protein is shown together with the
inversed expression of its gene (20-dCq), so that higher
bars represent higher gene expression (Figure 3). While
an up-regulation in the gene expression could be observed
in most E. coli treatments and after 78 h with S. aureus,
only RH and WP had a significant protein increase with
30 h exposure to E. coli. BS even showed a down-
regulation in LF protein with 30 h exposure to S. aureus.
BS had higher gene expression levels than RH and HLD
in 78 h control cells. HLD had higher control and S. aur-
eus treated LF protein levels after 30 h compared with WP.

IL-10 was determined relatively as IL-10 in % of control and
is shown together with the fold change of its gene
expression (Figure 4). There were no significant breed differ-
ences. While there was an often significant up-regulation in
IL10 gene expression (see Tables 2 and 3) the rise in protein
production was not consistent throughout the breeds and the
treatments. In BS, there was a qualitative increase of
approximately 50 and 25 percent of IL-10 protein after 30
and 78 h exposure to S. aureus, respectively. RH had a
qualitative increase of about 60 percent with 30 h exposure
to E. coli. WP showed no visible changes compared with
controls. In HLD, there was about 50 percent more IL-10
with 6 h E. coli and 78 h S. aureus treatments, as well as
about 100 percent more with 30 h S. aureus treatment.
SEM of the protein data was considerably high.

SAA content was measured in control and E. coli treated
cells after 30 h stimulation and is shown together with
the inversed expression of its gene (20-dCq), so that higher
bars represent higher gene expression (Figure 5). Gene
expression was significantly increased by the treatment,
but only in BS this was also true for the protein
production. BS and RH differed significantly from HLD
in basal SAA levels (control). However, only BS differed
significantly from HLD in E. coli treated SAA levels.
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Table 1. Basal mRNA expression (mean dCq and SEM) of innate immune genes in pbMEC from four cattle breeds, unstimulated control after 6, 30 and 78 h.

Gene Time

6 h 30 h 78 h

Breed Breed Breed

BS RH WP HLD BS RH WP HLD BS RH WP HLD

Chemokines
CCL20 Mean 12.21a 15.40a 11.94a 13.96a 13.01a 15.05a 12.79a 13.83a 13.71ab 15.83a 12.47b 14.64ab

SEM 0.63 1.24 1.63 1.14 0.60 0.95 0.93 0.73 0.78a 0.90 1.43 0.90
CCL5 Mean 15.12a 15.19a 12.44b 15.60a 15.01a 14.79a 13.48a 15.29a 14.49ab 14.74ab 13.15a 15.37b

SEM 0.67 0.73 0.63 0.80 0.72 0.66 0.72 0.83 0.47 0.46 0.46 0.83
CXCL8 Mean 10.36ab 11.51a 9.22b 9.25b 10.96a 11.37a 9.45b 10.07ab 11.07ab 12.36a 9.76b 10.60b

SEM 0.50 0.29 0.74 0.48 0.57 0.29 0.44 0.38 0.42 0.22 0.75 0.55
Cytokines
IL6 Mean 7.22a 6.88a 8.92a 8.03a 7.66a 7.52a 9.56b 7.92ab 8.39a 8.59a 11.06b 9.20ab

SEM 0.35 0.45 0.94 0.88 0.26a 0.52 0.89 0.62 0.18 0.66 0.87 0.88
IL10 Mean 15.12a 15.22a 12.05b 15.09a 14.86a 14.77a 13.05a 14.86a 14.37a 14.77a 12.46b 14.87a

SEM 0.68 0.68 0.76 0.77 0.67 0.66 0.67 0.87 0.44 0.44 0.38 0.98

Antimicrobial peptides
LF Mean 9.44a 10.45a 9.70a 9.12a 8.06a 9.38a 8.92a 8.66a 5.56a 7.93b 6.21ab 7.11b

SEM 0.66 0.24 0.55 0.38 0.67 0.56 0.59 0.49 0.51 0.84 0.85 0.33
LPO Mean 15.15ab 15.97a 14.20b 15.37ab 15.09ab 15.87a 14.34b 15.26ab 15.30ab 15.62a 13.96b 15.06ab

SEM 0.63 0.28 0.50 0.18 0.53 0.36 0.63 0.16 0.42 0.50 0.67 0.27

Scavenger receptor
CD68 Mean 13.28ab 13.66a 12.49b 12.42b 13.56a 13.73a 12.66b 13.07ab 14.16ab 14.46a 13.24b 13.58ab

SEM 0.25 0.01 0.25 0.50 0.19 0.19 0.33 0.43 0.23 0.27 0.39 0.40
TLR pathway
CASP8 Mean 7.61a 7.82a 6.62b 6.64b 7.90a 7.90a 6.85b 7.01b 7.76ab 8.24a 7.04c 7.12bc

SEM 0.17 0.16 0.15 0.21 0.31 0.25 0.09 0.20 0.13 0.28 0.21 0.22
LBP Mean 16.99a 16.45ab 16.60ab 15.56b 15.91a 15.93a 15.38a 15.62a 14.72a 15.16a 14.69a 14.74a

SEM 0.44 0.35 0.21 0.56 0.55 0.26 0.34 0.51 0.40 0.58 0.91 0.43
LY96 Mean 4.92a 5.53b 4.43ac 4.10c 4.91a 5.29a 4.48a 4.30a 5.45a 5.51a 4.56a 4.44a

SEM 0.08 0.29 0.18 0.21 0.13 0.63 0.20 0.28 0.34 0.52 0.27 0.27
MYD88 Mean 7.40a 7.38ab 7.18ab 6.88b 6.89a 7.24a 6.96a 6.82a 6.38a 7.05a 6.73a 6.73a

SEM 0.18 0.15 0.19 0.17 0.20 0.39 0.19 0.21 0.18 0.38 0.08 0.29
TLR2 Mean 14.54a 15.21a 14.44ab 13.47b 14.04ab 14.73a 13.75b 13.25b 13.68ab 14.57a 13.34b 13.02b

SEM 0.17 0.36 0.48 0.33 0.37 0.32 0.23 0.27 0.36 0.33 0.19 0.38
TLR4 Mean 8.87ab 9.37a 8.10c 8.20bc 8.76ab 9.25a 7.87c 8.09bc 7.91a 9.14b 7.58a 7.97a

SEM 0.20 0.16 0.30 0.29 0.30 0.17 0.25 0.21 0.32 0.28 0.31 0.18
Others
MX1 Mean 6.14ab 6.54ab 4.37a 7.03b 6.52a 7.47a 4.69a 7.49a 7.15a 7.42a 5.20a 7.16a

SEM 0.34 0.88 0.54 1.27 0.41 0.89 0.87 1.48 0.71 0.68 0.27 1.56
MX2 Mean 11.59a 11.42a 8.22b 11.61a 11.29ab 12.21a 8.84b 12.38a 11.86ab 12.59a 9.20b 12.05ab

SEM 0.72 0.97 0.63 1.24 0.57 1.06 1.08 1.28 0.84 0.96 0.45 1.33

Note: BS = Brown Swiss, RH = Red Holstein, WP =White Park, HLD =Highland. Means with different subscript letters are significantly different between the breeds (P < 0.05).
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Table 2. Fold changes of the normalized relative gene expression of innate immune genes in pbMEC from four cattle breeds after 6 h and
30 h stimulation with E. coli.

Gene Treatment

E. coli 6 h E. coli 30 h

Breed Breed

BS RH WP HLD BS RH WP HLD

Complement system
C3 Fold change 4.4a** 4.2ab** 6.1ab* 1.9b 8.6*** 11.1** 6.8* 11.9*

SEM 0.9 1.1 2.1 0.5 1.8 3.7 2.3 4.0
Chemokines
CCL2 Fold change 28.8ab** 10.8a*** 27.5ab* 4.4b 43.9*** 27.3** 26.8* 18.2**

SEM 12.3 1.9 11.8 1.0 13.1 9.0 12.1 9.2
CCL5 Fold change 24.1 4.0* 4.8* 2.0* 51.6** 26.6* 55.4* 3.9*

SEM 18.3 1.7 1.5 0.5 33.3 14.1 37.7 1.3
CCL20 Fold change 39.4** 36.8** 110.8* 17.7* 50.2*** 119.6* 74.5* 37.9*

SEM 17.1 13.8 65.5 7.6 11.1 75.8 42.2 20.5
CXCL5 Fold change 8.1** 8.0*** 11.7* 3.9* 7.8*** 9.0** 7.2* 6.4*

SEM 2.1 1.6 4.0 1.0 1.3 2.6 2.3 2.0
CXCL8 Fold change 20.1* 21.2*** 33.8* 7.0* 21.9*** 26.7** 16.0* 11.2*

SEM 7.7 8.3 13.4 3.1 7.5 9.5 6.1 4.2
Inflammatory cytokines
IL6 Fold change 3.6* 3.4** 7.7* 2.1* 5.3*** 5.1* 11.2* 3.2*

SEM 1.1 0.6 3.00 0.4 1.2 1.7 5.7 0.8
IL10 Fold change 18.8* 3.3* 4.1 1.7 53.1** 25.2* 57.5 3.5

SEM change 11.0 1.1 1.8 0.4 35.1 13.3 33.8 1.2
TGFβ1 Fold change1 1.7 0.9 0.9 1.4

SEM 0.7 0.0 0.1 0.4
TNF Fold change 21.9** 21.6 54.0* 6.0* 21.5*** 40.6** 65.1 13.1**

SEM 7.0 9.0 32.7 2.0 4.1 17.2 35.7 6.5
Antimicrobial peptides
LAP Fold change 2.8** 1.5 6.8 2.1 19.5** 4.6 84 25.2

SEM 0.6 0.5 2.7 0.8 8.0 1.0 53.5 14.3
LF Fold change 3.2** 3.1* 2.8 1.7 8.6** 12.0** 9.3* 7.3*

SEM 0.6 1.0 0.9 0.4 2.3 4.2 4.0 2.7
LPO Fold change 1.9ab 0.9ab 2.9a 0.9b 4.2* 1.7 9.2* 2.2

SEM 0.4 0.1 0.8 0.2 1.2 0.2 4.1 0.7
LYZ1 Fold change 2.1 2 3.7 1.9 40.2** 12.7* 32.1* 13.4*

SEM 0.5 0.6 1.0 0.5 27.6 6.5 14.2 4.6
TAP Fold change 54.8* 1.3 33.5 8.5 105.7** 11.8* 234.8 47.8

SEM 32.8 0.1 12.9 6.1 57.9 1.7 117.8 41.0
Acute phase proteins
SAA3 Fold change 98.7 289.4* 418.2 10.8 618.2** 1912.3** 1769.1* 69.9*

SEM 90.1 263.4 172.5 3.7 272.4 1445.1 1076.6 39.1
TLR signalling
CASP8 Fold change 1.3a* 1.1ab 1.2ab 1.0b 1.4* 1.3* 1.2 1.4

SEM 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2
CD14 Fold change 1.3 1.1 1.2 1.8 1.8a* 1.0b 1.1ab 1.8ab

SEM 0.1 0.1 0.1 0.4 0.3 0.1 0.2 0.4
LBP Fold change 2.5 2.2 1.4 1.2 1.2 1.4 1.2 2.7

SEM 0.7 0.7 0.4 0.3 0.1 0.4 0.5 0.2
LY96 Fold change 1.0ab 1.1a* 0.9ab 1.0b

SEM 0.0 0.0 0.1 0.0
TLR2 Fold change 5.7 1.7*** 6.9* 1.5 5.0* 2.0* 2.8 2.2*

SEM 2.1 0.1 3.3 0.2 2.1 0.3 0.9 0.4
Others
MX1 Fold change 2.8 1.6* 1.2 1.5 4.4* 3.5** 3.1 2.9

SEM 1.4 0.2 0.3 0.4 1.4 0.8 1.1 1.3
MX2 Fold change 11.6* 2.0* 1.5 1.8 8.6*** 8.3* 6.5 3.9

SEM 7.6 0.5 0.4 0.6 2.3 2.8 3.3 1.6
S100A9 Fold change 3.9** 2.4 8.6* 2.1 12.0*** 12.6* 14.2 20.4

SEM 0.8 0.9 4.0 0.6 4.1 4.1 6.0 15.9
S100A12 Fold change 2 MD2 6.5 2.6 4.2** 2.1 5.1 1.7

SEM 0.5 MD 3.1 1.0 0.9 1.2 1.4 0.5
Regulated genes3 14 14 10 6 22 18 11 12

Note: BS = Brown Swiss (n = 6), RH = Red Holstein (n = 6), WP =White Park (n = 5), HLD =Highland (n = 5); Stars indicate significant differences
between treated and control dCq: *P < 0.05, **P < 0.01, ***P < 0.001. Fold change means with different subscript letters differ between breeds
(P < 0.05).
1Empty genes: no significant breed differences in expression fold changes and no fold changes >1.5 at this time point.
2Missing data.
3P < 0.05 for dCq difference between treatment and control.
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Table 3. Fold changes of the normalized relative gene expression of innate immune genes in pbMEC from four cattle breeds after 30 h
and 78 h stimulation with S. aureus.

Gene Treatment

S. aureus 30 h S. aureus 78 h

Breed Breed

BS RH WP HLD BS RH WP HLD

Complement system
C3 Fold change1 1.1 1.6 1.1 1.2

SEM 0.1 0.4 0.1 0.1
Chemokines
CCL2 Fold change 1.0 1.3 1.3 1.6

SEM 0.1 0.1 0.2 0.3
CCL5 Fold change 1.5* 1.6 1.3 1.2

SEM 0.2 0.4 0.6 0.3
CCL20 Fold change 1.7 0.9 3.3 1.5

SEM 0.6 0.2 1.3 0.4
CXCL8 Fold change 1.3 1.2 1.9 1.1

SEM 0.2 0.1 0.6 0.2
Inflammatory cytokines
IL10 Fold change 1.5* 1.5 1.0 1.1

SEM 0.2 0.5 0.4 0.3
TGFβ1 Fold change 0.9b* 1.2c* 0.9abc 0.8a

SEM 0.0 0.1 0.1 0.0
TNF Fold change 1.2 1.2 4.5 1.8

SEM 0.3 0.1 2.9 1.1
Antimicrobial peptides
LAP Fold change 1.2 MD2 5.1 1.9

SEM 0.2 MD 3.4 0.8
LF Fold change 1.0 1.6* 1.3 1.1

SEM 0.1 0.2 0.4 0.1
LPO Fold change 1.0 1.2 1.2* 1 1.2 0.9 1.7 1.5

SEM 0.3 0.2 0.2 0.1 0.2 0.1 0.7 0.4
LYZ1 Fold change 1.1 0.9 1.6* 1.9 1.6 1.2 2.9 1.2

SEM 0.1 0.2 0.3 0.5 0.5 0.2 1.2 0.1
TAP Fold change 0.9 1.1 1.5 0.9 5.2 0.7* 6.9 1.5

SEM 0.3 0.4 0.3 0.2 4.3 0.2 3.7 0.8
Acute phase proteins
SAA3 Fold change 1.7 2.5 3 1.2 5.1 3.1 5.4 1.2

SEM 0.5 1 1.7 0.3 3.8 1.5 4.3 0.2
TLR signalling
LBP Fold change 1.0 1.4 0.9 1.8

SEM 0.2 0.4 0.2 1.0
LY96 Fold change 1.1ab 1.0b 1.0b 1.1a*

SEM 0.0 0.1 0.0 0.0
TLR2 Fold change 1.0 1.0 1.3 1.9

SEM 0.1 0.1 0.2 1.1
TLR4 Fold change 1.3* 1.0 1.0 1.1 1.0 1.2* 1.0 1.0

SEM 0.2 0.1 0.1 0.0 0.1 0.1 0.1 0.0
Scavenger receptor
CD68 Fold change 1.1 1.3 1.2 1.7

SEM 0.2 0.2 0.3 0.5
Others
MX1 Fold change 2.1 1.2 1.0 1.7 1.7 1.2 1.1 0.8

SEM 0.7 0.4 0.3 0.3 0.4 0.2 0.3 0.2
MX2 Fold change 1.9 1.9 1.1 1.9 2.9 1.3 1.4 1.0

SEM 0.7 1.3 0.4 0.4 1.3 0.2 0.5 0.2
S100A9 Fold change 1.3 1.3 2.2 1.3

SEM 0.2 0.2 0.6 0.2
S100A12 Fold change 1.3a* 0.8b 1.2ab 1.6ab

SEM 0.1 0.2 0.2 0.5
Regulated genes3 1 0 2 0 4 4 0 1

Note: BS = Brown Swiss (n = 6), RH = Red Holstein (n = 6), WP =White Park (n = 5), HLD =Highland (n = 5); Stars indicate significant differences
between treated and control dCq: *P < 0.05, **P < 0.01, ***P < 0.001. Fold change means with different subscript letters differ between breeds
(P < 0.05).
1Empty genes: no significant breed differences in expression fold changes and no fold changes >1.5 at this time point.
2Missing data.
3P < 0.05 for dCq difference between treatment and control.
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Discussion

Breed comparison

On the level of basal expression in the PCA, there was a
visible separation of ancient from modern breeds and
within the two modern breeds. The higher basal expression

of the components of the TLR pathway in the ancient
breeds could be responsible for an earlier recognition of
invading pathogens and therefore lead to an earlier and
more effective immune response. The same could be true
for the higher basal levels of SAA protein in the ancient
breeds which could have a protective effect against

Figure 2. PCA of (a) dCq values (basal expression of unstimulated control) and (b) ddCq values (difference between treated and control dCq) of 28 target genes
in pbMEC from four cattle breeds after stimulation with E. coli and S. aureus. Each symbol represents all respective samples of one animal.

Figure 3. Relative gene expression and LF content in ng/μg cell protein in pbMEC from ancient (WP, HLD; n = 5) and modern (BS, RH; n = 6) cattle breeds
stimulated with E. coli (6 and 30 h) and S. aureus (30 and 78 h). Stars indicate significant differences between the treatments, letters indicate significant
differences of S. aureus treated (upper case letters) and control levels (lower case letters) between the breeds (P < 0.05). BS = Brown Swiss, RH = Red
Holstein, WP =White Park, HLD =Highland cattle.
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pathogens, as SAA is an opsonising agent (Shah,
Hari-Dass and Raynes, 2006). Interestingly, basal LF
protein levels were lower in the ancient breeds, but differed
significantly only between WP and HLD. WP and HLD
also differed in basal expression of MX1 and CCL5. So
the breeds seem to be all different from each other and can-
not just be grouped together in “modern” and “ancient”. It
is difficult to interpret the fold changes of gene expression,
as the SEM were considerably high and led to weak

significances for visibly high fold changes. In addition,
the PCA on ddCq did not reveal any clustering of the ani-
mals. However, this set aside, there was a higher number
of significantly up-regulated genes in the modern breeds,
especially for the antimicrobial peptides, the TLR pathway
and the MX genes. HLD had the lowest fold changes in
SAA3 expression, but the highest basal levels of SAA
protein after 30 h. Although the whole picture is diffuse
and complex, it seems as if in those parts of the immune
system where we found a difference between the breeds,
a higher basal expression led to a lower response.
Kandasamy et al. (2012) tested the extent of the immune
response of cows that had before been classified as
“high-” and “low-responder” animals to an intramammary
E. coli challenge. They found that the weaker immune
response of low-responder animals was more effective
and led to a shorter resolution phase of the inflammation.
Hence, a strong immune response is not necessarily a
benefit for the animal. Another prominent example for
this phenomenon is the well-studied tolerance of the Bos
indicus Sahiwal cattle to the indigenous protozoan parasite
Theileria annulata. Compared with Holstein calves in vivo
(Glass et al., 2005) they showed fewer clinical symptoms,
recovered from a higher dose of pathogen and had lower
acute phase protein levels. In another comparison with
Sahiwal cattle, macrophages from Holstein cattle showed
higher up-regulation of inflammatory and immune
response genes (Glass et al., 2012).

To our knowledge, there are no studies on the intra-
mammary immune system of ancient cattle breeds such
as WP and HLD. There has been evidence that the immune
system of modern breeds shows differences in details, but
overall is highly conserved (Bannerman et al., 2008a,
2008b), which is in accordance with our results. The in
vivo response of Holstein and Jersey cows to E. coli dif-
fered only in the time point of milk cytokine and somatic
cell count (SCC) increase, not in overall levels
(Bannerman et al., 2008a). To an S. aureus challenge
Holstein and Jersey animals also responded with similar
overall levels of milk SCC and cytokines except for neu-
trophils and N-acetyl-beta-D-glucosaminidase (NAGase)
activity (Bannerman et al., 2008b). Different LF contents
in milk have already been observed between Holstein,
Jersey and Simmental cows (Krol et al., 2010) as well as
between dairy and beef cattle (Tsuji et al., 1990), which
adds to our findings of different LF contents in pbMEC.
There are several polymorphisms located in the LF gene
in different cattle breeds that could be the reason for differ-
ential LF expression and production (O’Halloran et al.,
2009). The different SAA contents in our pbMEC can be
compared with a study where after an LPS challenge
SAA in blood serum increased more rapidly in Angus
than in Romosinuano steers (an indigenous Colombian
breed) and remained at higher levels for 8 h (Carroll
et al., 2011). Although in the cells from our ancient breeds
the absolute levels of SAA protein were higher than in the
modern breeds, there was no significant rise after pathogen

Figure 4. Fold change of IL10 expression and relative IL-10 content in % of
untreated control in total cell protein of pbMEC from ancient (WP, HLD; n = 5)
and modern (BS, RH; n = 6) cattle breeds stimulated with E. coli (6 and 30 h)
and S. aureus (30 and 78 h). BS = Brown Swiss, RH = Red Holstein, WP =
White Park, HLD = Highland cattle.

Figure 5. Relative expression of the SAA3 gene and SAA content in ng/μg
cell protein in pbMEC from ancient (WP, HLD; n = 5) and modern (BS,
RH; n = 6) cattle breeds stimulated with E. coli for 30 h. Stars indicate
significant differences between treatments, different letters indicate
significant differences of treated (lower case letters) and control cells (upper
case letters) between breeds (P < 0.05). BS = Brown Swiss, RH = Red
Holstein, WP =White Park, HLD =Highland cattle.
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stimulation. Cattle breed differences in gene expression
and protein production of the immune system have not
been systematically studied so far, but our findings and
the above-mentioned studies show that there is evidence
for such diversity.

The considerable animal differences within each breed,
reflected by the high SEMs and by the wide spread of
the symbols representing animals in the PCAs, could be
explained by the existence of a substantial between-cow
variation in the immune response which has already been
shown for Holstein cattle in vitro and in vivo
(Kandasamy et al., 2012). It could be caused by genetic
polymorphisms that are linked to a certain breed, but
could also be spread all over the cattle population.
Furthermore, it has been suggested that a proportion of
unexplained phenotypic variation in the dairy cow is
because of epigenetic regulation (Singh et al., 2010).

General remarks about the immune response

C3, chemokines, inflammatory cytokines and the inflam-
mation marker SAA3 experienced a strong up-regulation
by E. coli in all the breeds. The antimicrobial peptides
were also strongly up-regulated after 30 h in E. coli treated
cells. This confirms that our pbMEC continued to exert
sentinel functions to trigger the innate immune response
upon pathogen recognition as well as an active defence
by attacking and opsonising bacterial cells. Interestingly,
in our study the TLR pathway was not as markedly regu-
lated, although it is one of the starting points of the
immune signalling cascade and has been shown to be a
source for potential mastitis resistance (Griesbeck-Zilch
et al., 2009). However, in another study the regulation of
TLRs in pbMECs was similarly weak, but the authors
still concluded that there was a functioning and locally
effective immune system (Strandberg et al., 2005). We
also found a regulation of the genes we had termed as
“others”. The calcium-binding, pro-inflammatory, regulat-
ory and anti-oxidant S100 calcium-binding proteins A9
(S100-A9) and A12 (S100-A12) seem to be a class of pro-
tective and defence proteins (Hsu et al., 2009) that act in
addition to LF, lysozyme 1 (LYZ1), LPO and the
β-defensins lingual antimicrobial peptide (LAP) and tra-
cheal antimicrobial peptide (TAP). The antiviral myxo-
virus (influenza virus) resistance 2 (mouse) gene (MX2)
has a yet unknown role in mastitis and remains a subject
of further research.

Pathogen comparison

It has previously been shown that S. aureus elicits a different
and often weaker immune response than E. coli in vitro
(Griesbeck-Zilch et al., 2008) and in vivo (Petzl et al.,
2008). The dose of inoculum could have been too low so
that the cells did not receive enough signals to trigger the
response. Our results can be compared with a similar study
with pbMEC from milk and the same strains of pathogens

(Danowski et al., 2012a): in that study, too, the immune
response to S. aureus was much weaker than to E. coli.
Our data support the hypothesis that the often subclinical
and chronic outcome of S. aureus mastitis is caused by
this reduced reaction of the mammary immune system.

Gene expression and protein comparison

LF gene expression was generally better reflected by the
ELISA measurements than the other two proteins.
Although IL10 gene expression was significantly
up-regulated in the two modern breeds there was no con-
sistent rise of the protein in cell content. SAA3 expression
was up-regulated by E. coli after 30 h, but the protein
levels reflected that only in BS and RH. For all these
three genes (in SAA for the SAA encoding-gene SAA2)
microRNAs have been identified that could lead to a
differential expression, translation and massive variation
in protein levels (Longley, Steel and Whitehead, 1999;
Sharma et al., 2009; Liao, Du and Lonnerdal, 2010).
These microRNAs could also be differentially expressed
between the breeds and determine the breed differences
in mRNA expression. LF was also secreted into the
media, but the concentrations were mostly below the
measuring range (data not shown). This and a delay
between mRNA expression and protein synthesis of the
three genes could also account for the differences.

Conclusions

To our knowledge this is the first time that the mammary
immune system of the ancient WP and HLD cattle was
studied in vitro. The four breeds BS, RH, WP and HLD
were found to differ in parts of the gene expression and
protein production. A higher basal expression of some
genes and proteins in the cells from the ancient breeds
seemed to lead to a lower immune response after pathogen
recognition. However, the main immune system pathways
that were activated were the same, indicating that the com-
plex network of immune response is to some extent con-
served between the Bos taurus breeds. With this
experimental setup it is possible to study other breeds
and other pathogens in the same way, especially with the
non-invasive pbMEC extraction from milk which is suit-
able for the sampling of valuable animals of rare breeds.
We confirmed the existence of previously described sub-
stantial cow-to-cow variation in immune response. The
classification of high- and low-responder animals and the
underlying genetic and epigenetic mechanisms remain
subject to further analysis.
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