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ABSTRACT. Mastitis is the most important disease in the global dairy 
industry, and causes large economic losses. Staphylococcus aureus is 
one of most common pathogens that cause bovine mastitis. CXCR1 has 
been implicated as a prospective genetic marker for mastitis resistance 
in dairy cows; CXCR1 expression significantly increases when cows 
have mastitis. To investigate the mechanisms involved in its increased 
expression, bisulfite sequencing polymerase chain reaction (PCR) 
was used to detect the methylation status of CXCR1 CpG island, and 
quantitative fluorescence PCR was used to detect CXCR1 expression 
in bovine mammary tissue induced with S. aureus in three Chinese 
Holstein cows. No CpG island was found for bovine CXCR1 in the 
upstream 2-kb region, whereas one CpG island that contained 13 CpG 
sites was found in exon 1 of CXCR1. All of the CpG sites were under 
hypermethylation from 90 to 100% in the mammary tissues. When the 



12607CXCR1 methylation in cows with mastitis induced by S. aureus

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 14 (4): 12606-12615 (2015)

mammary gland mRNA expression of CXCR1 was 12.10-fold higher in 
infected cow quarters than in uninfected quarters, the methylation levels 
of the CpG site at position 519 were significantly lower in the infected 
quarters than in the uninfected quarters. Pearson correlation analysis 
showed that the methylation level at position 519 was significantly 
negatively correlated with the CXCR1 mRNA expression level (P < 
0.05). These results indicate that the methylation of the CpG site at 
position 519 may regulate CXCR1 expression in cows with mastitis 
induced by S. aureus, but further studies are needed to elucidate the 
mechanisms involved.
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INTRODUCTION

Mastitis is the most important disease in the global dairy industry, and causes large 
economic losses (Nash et al., 2003). The worldwide incidence rate of mastitis is reported to 
be 25-60% (Ruegg, 2003), and China has an even higher rate. Once cows are infected with a 
pathogen, the number of somatic cells in the mammary glands increases rapidly. Most studies 
have found that cows with somatic cell counts (SCCs) of less than 1 x 105 cells per milliliter 
in milk are not likely to be infected with the major mastitis-causing pathogens, while cows 
with SCCs greater than 5 x 105 are probably infected (Halasa et al., 2009). However, SCC 
is an inflammatory endpoint and varies between lactations, as well as in response to various 
environmental factors. Therefore, the development of effective molecular markers for mastitis 
resistance in dairy cattle is necessary. 

Staphylococcus aureus is a Gram-positive and contagious bacterium that is one of the 
most prevalent causes of mastitis in both humans and cattle (Barkema et al., 2006). Although 
infection can result in obvious clinical mastitis, S. aureus often evades the immune system, 
resulting in a sub-clinical chronic infection that can persist for the life of the animal (Sutra and 
Poutrel, 1994). Cytokines are an important group of inflammatory mediators. Proinflamma-
tory cytokines rapidly promote inflammation after the perception of the pathogen, and anti-in-
flammatory cytokines suppress and confine the activity of proinflammatory cytokines. CXCR1 
codes for a major proinflammatory cytokine (Dinarello, 2000), and has been implicated as a 
prospective genetic marker for mastitis resistance in dairy cows. Bovine CXCR1, located on 
autosome 2 at 90.3 cM in Bos taurus, contains a 2219-bp intron and a 1803-bp exon (Pighetti 
et al., 2012). CXCR1 is expressed on the surface of neutrophils and is essential for neutrophil 
migration to the mammary glands, and for the resolution of bacterial infections (Del Rio et 
al., 2001; Proudfoot, 2002). Bovine CXCR1 is highly polymorphic, and as many as 36 single-
nucleotide polymorphisms (SNPs) have been identified in the coding region and surrounding 
sequences of CXCR1 in Holstein dairy cows (Pighetti et al., 2012). Several SNPs in bovine 
CXCR1 have been implicated in resistance to mastitis C in several sample populations of Hol-
stein dairy cows (Youngerman et al., 2004; Leyva-Baca et al., 2008; Goertz et al., 2009; Chen 
et al., 2011; Pighetti et al., 2012; Zhou et al., 2013). 

DNA methylation is one of the key epigenetic modifications (Weber et al., 2007) that 
stably decreases gene expression and plays a crucial role in inflammatory disease (Vanselow et 
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al., 2006). The potential prognostic value of promoter hypermethylation of the αs1-casein gene has 
been demonstrated in mammary gland tissues of dairy cows with acute mastitis (Vanselow et al., 
2006). Recently, an association between the methylation patterns of the CD4 promoter in dairy cow 
peripheral blood cells and mastitis was reported (Wang et al., 2013); however, the DNA methyla-
tion patterns of the bovine CXCR1 gene and their relationship with mastitis status is still unclear.

In the present study, the DNA methylation pattern of bovine CXCR1 was determined 
in the mammary gland tissues of Chinese Holstein cows infected with S. aureus. CXCR1 ex-
pression was also measured using quantitative reverse transcription polymerase chain reaction 
(qRT-PCR). The objective of this study was to investigate the correlation between CXCR1 
CpG island methylation status and mRNA expression, in order to provide a theoretical basis 
for resistance to mastitis infection in dairy cows.

MATERIAL AND METHODS

Experimental animals and sampling

All of the procedures involving animals received approval from the Institutional Ani-
mal Care and Use Committee of Yangzhou University. Three primiparous Holstein cows in 
mid-lactation were used for this study. At the beginning of the study, these cows had been 
clinically healthy for over two consecutive weeks, based on a composite milk SCC of less than 
200,000 cells/mL, and had no clinical signs of mastitis or any other disease during early lacta-
tion. All of the quarters from these cows were bacteriologically tested using milk samples to 
confirm that they were not sub-clinically infected with an invading pathogen. The cows were 
housed and fed in individual tie-stalls, had free access to water, and were milked twice daily 
at 6:00 am and 6:00 pm. The cows averaged 19.2 ± 4.4 kg milk/day and were 142 ± 25 days 
in milk at the start of the trial. 

An S. aureus strain (strain ATCC29213) was obtained from the China General Mi-
crobiological Culture Collection Center and grown aerobically overnight on tryptic soy agar 
in a humidified incubator at 37°C. A single colony of S. aureus was transferred to a 50-mL 
conical tube containing 20 mL of tryptic soy broth and incubated at 37°C in an open-air shaker 
at 225 rpm. The bacteria were grown until an OD600 nm of 0.6 was reached, when they were 
plated in triplicate on their respective media to confirm the number of bacteria per milliliter. 
The broth culture was diluted in sterile Ringer’s solution to yield 5,000,000 CFU in a 5-mL 
volume inoculum. Following afternoon milking, the inoculum was infused into one rear quar-
ter of each cow via a sterile disposable syringe fitted with a sterile teat cannula by the full 
insertion infusion method, and one front control quarter of each cow was infused with 5 mL 
ice-cold pyrogen-free phosphate-buffered saline (pH 7.4). Prior to inoculation, the challenged 
teats were rigorously cleaned with cotton balls containing 70% alcohol. Immediately follow-
ing inoculation, all of the teats were immersed in a post-milking teat disinfectant containing 
1% iodine with lanolin. Systemic and local inflammatory indicators were used to monitor the 
clinical response to the intramammary infection (IMI) challenge. Rectal temperature, respira-
tion rate, and udder appearance were evaluated at 0, 6, 12, and 24 h post-challenge. Based on 
preliminary experiments, the peak clinical signs of S. aureus inoculation were expected about 
24 h post-inoculation. At 24 h post-inoculation and before the peak clinical signs, the mamma-
ry gland tissues of the S. aureus-infected and uninfected quarters were sampled in a surgical 
operation performed by an experienced veterinarian. Duplicate samples of quarter foremilk 
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were aseptically collected for bacteriological examination and SCC immediately before the 
challenge, and 12 and 24 h post-challenge. The SCC was determined using infrared proce-
dures (SCC-100, ChemoMetec, Denmark). Bovine mammary gland tissues were immediately 
stored in liquid nitrogen until further use. 

Bioinformatic analysis 

The analysis and identification of CpG islands in a 3083-bp fragment of CXCR1 (Gen-
Bank accession No. NM_001105038.1, GJ060584), including the upstream 2-kb region and 
exon, was performed using Methyl Primer Express® version 1.0 (http://www.urogene.org/
methprimer/index1.html).

Methylation analysis

Genomic DNA was extracted from bovine mammary gland tissue by standard phenol/
chloroform extraction, and subjected to bisulfite conversion using an EpiTect bisulfite kit (Qia-
gen, Valencia, CA, USA) according to the manufacturer instructions. PCR was used to amplify 
the bisulfite-treated DNA. The primers were designed using Primer Premier 5.0 (http://www.
premierbiosoft.com/primerdesign/index.html). The following sequences were selected for use 
as primers: F, 5'-TGGGTCAAGTTCATATGTTTAGGC-3'; R, 5'-CCATGTGATTGCTGAGA
CCTGT-3'. The 20-µL reactions contained 1 μL DNA template, 2 μL 10X PCR buffer, 1 μL 
10 μM/L forward primer, 1 μL 10 μM/L reverse primer, 1.6 μL 10 mM dNTPs, 0.4 μL 5 U/
μL Taq polymerase, and 13 μL water. PCR amplification was performed according to the fol-
lowing protocol: 95°C for 1 min and 30 cycles at 94°C for 30 s, 50°C for 30 s, and 72°C for 1 
min followed by 72°C for 5 min. The PCR products were subjected to electrophoresis on 1% 
agarose gels using a DL2000 (TaKaRa, Japan) as a reference standard, and excised, purified, 
and inserted into a pMD18-T vector (TaKaRa). Recombinant clones were used to transform 
Escherichia coli TB1 cells. Positive recombinant clones were selected on lysogeny broth agar 
plates containing 100 μg/mL ampicillin and confirmed by PCR and DNA sequencing (about 
20 positive recombinant clones were selected from each individual).

Real-time PCR analysis

RNA was isolated from mammary tissue using TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer instructions. The RNA yield was determined using 
a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA), and the integrity was evalu-
ated using agarose gel electrophoresis stained with ethidium bromide. Quantification was per-
formed in a two-step reaction process: reverse transcription (RT) and PCR. Each RT reaction 
contained 0.5 μg RNA, 2 μL PrimeScript buffer, 0.5 μL oligo dT, 0.5 μL random 6mers, and 
0.5 μL PrimeScript RT Enzyme Mix I (TaKaRa), in a total volume of 10 μL. The reactions 
were performed in a GeneAmp® PCR System 9700 (Applied Biosystems, USA) for 15 min at 
37°C, followed by heat inactivation of RT for 5 s at 85°C. The 10-μL RT reaction mix was then 
diluted ten times in nuclease-free water and stored at -20°C. Real-time PCR was performed 
using a LightCycler® 480 II real-time PCR instrument (Roche, Switzerland) in a 10-μL PCR 
reaction mixture that contained 1 μL cDNA, 5 μL 2X LightCycler® 480 SYBR® Green I Mas-
ter (Roche), 0.2 μL forward primer, 0.2 μL reverse primer, and 3.6 μL nuclease-free water. The 
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reactions were incubated on a 384-well optical plate (Roche) at 95°C for 10 min, followed by 
40 cycles at 95°C for 10 s and at 60°C for 30 s. The CXCR1 fragment was amplified using the 
primers listed in Table 1, and β-ACTB primers were used as an internal control; the expression 
of CXCR1 in each sample was normalized to that of β-ACTB. Triplicate PCR amplifications 
were performed for each sample.

Table 1. Reverse transcription polymerase chain reaction primers.

Primer	 Primer sequence	 Length (bp)

CXCR1	 5'-GAGGACCTGGGTGCCAATA-3'	 111
	 5'-GGTGAATCCGTAGCAGAAC-3'	
β-ACTB	 5'-GGATGCAGAAAGAGATCACT-3'	 129
	 5'-TCTGCTGGAAGGTGGACA-3'	

Data processing and analysis

Methylation sequencing results were processed by the QUMA analysis software (http://
quma.cdb.riken.jp), and the real-time PCR results were processed using the 2-ΔΔCt method (ΔCt 
= mean CXCR1 expression - mean β-ACTB expression) (Shaw et al., 2007). Data are reported 
as means ± SD. A Student t-test was used to compare the different groups in SPSS 17.0 (SPSS 
Inc., Chicago, IL, USA), and the methylation and mRNA expression levels were analyzed by 
Pearson correlations. Differences were considered to be statistically significant at P < 0.05.

RESULTS

Indicators of clinical response to the IMI challenge 

All of the cows developed both local and systemic responses to the IMI challenge and 
developed mastitis. The infected quarters exhibited signs of inflammation, such as redness, 
swelling, tenderness, and hardness, and flaky, watery, or yellow-colored mammary secretions 
were observed in the milk after inoculation (i.e., between 11-24 h post-inoculation). The milk 
SCC in the challenged quarters (3,400,000 cells/mL) was significantly higher 20 h after the 
IMI challenge than at 0 h after the IMI challenge (180,000 cells/mL; P < 0.01). A significant 
increase in S. aureus growth was observed in the inoculated quarters (P < 0.01). 

Bioinformatic analysis

The results of the Methyl Primer analysis showed that no CpG island was found in the 
bovine CXCR1 gene upstream 2-kb region, but one CpG island was found in the exon (Figure 1). 
Therefore, the primers were designed to amplify a fragment that contained the whole CpG island. 

Validation of the CpG island fragment amplification

The products of the bisulfite PCR primer pair amplification from the DNA extracted 
from the mammary gland were examined by electrophoresis on 1% agarose gel. The sizes of 
the amplified fragments corresponded with the expected PCR product sizes (378 bp), and each 
amplified a single specific product that could be directly cloned and sequenced (Figure 2).
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Figure 1. Bioinformatic analysis of a CpG island of bovine CXCR1, including the upstream 2-kb region and exon.

Figure 2. Agarose gel (1%) electrophoresis for CXCR1 polymerase chain reaction products. A1, B1, and C1 were 
uninfected cow quarters; A2, B3, and C4 were infected cow quarters. Lane M, DL2000 molecular weight markers.

Methylation level analysis

A total of 126 correct clones of the CpG island were obtained and confirmed by se-
quencing, and the average number of recombinant clones for each individual was 21.0 (range 
20-22). All of the CpG sites were methylated (Figure 3). Overall, the CpG island methylation 
levels for the infected and uninfected quarters were 0.96 ± 0.01 and 0.97 ± 0.01, respectively. 
Methylation levels were not significantly different between the infected and uninfected quar-
ters for each CpG site or for the overall CpG island methylation levels, except for CpG1 at 
position +519 of the exon (P > 0.05). The methylation levels were 100% for the CpGs at +614, 
+622, and +706 in the uninfected and infected quarters, and these sites were excluded from 
the correlation analysis. 
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Figure 3. Average methylation levels of overall and single CpG sites in the bovine CXCR1 gene in infected and 
uninfected cow quarters (means ± SD). Means with different superscripts within the same column significantly 
differed (P < 0.05). The far-right column represents the relative gene expression of CXCR1 in infected and 
uninfected quarters.

Correlation between methylation level and mRNA expression

The CXCR1 mRNA relative expression levels in the infected quarters were signifi-
cantly higher than in the uninfected quarters (12.10 ± 4.28 vs 1.00 ± 0.09; P < 0.05). The 
Pearson correlation analysis revealed that methylation status was negatively correlated with 
CXCR1 mRNA relative expression level for most of the CpG islands (6/13), with significant 
correlation coefficients for CpG1 at position +519 (Figure 4). 

Figure 4. Correlation analysis of methylation levels and mRNA expression at different CpG sites of bovine CXCR1. 
The x-axis indicates the positions of CpG sites, and the y-axis indicates the correlation coefficients between the 
methylation level of individual CpG sites and the expression of CXCR1 (Pearson correlation). *Significant at P < 0.05.
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DISCUSSION

DNA methylation at promoter CpG sites leads to the repression of gene expres-
sion by altering the conformation of DNA and local histone structures (Ng and Bird, 1999; 
Cedar and Bergman, 2009). In our study, no CpG island was found in bovine CXCR1 
upstream 2-kb region, but one CpG island was found in the exon. Multiple alignments 
revealed the amplifieds region located in the position from 481 to 858 bp in the cod-
ing region of CXCR1. Several studies on gene methylation related to cow mastitis have 
been conducted. Vanselow et al. (2006) reported that the promoter region of DNA for the 
gene aS1-casein is hypomethylated in the bovine lactating mammary gland. During E. coli 
infection of the mammary gland, this region becomes methylated at three CpG dinucleo-
tides. These changes accompany the shutdown of aS1-casein synthesis, with mRNA levels 
decreasing to 50% and protein levels to 2.5% of those in non-mastitic control glands. Sim-
ilar results have been obtained for a Streptococcus uberis infection of the mammary gland. 
Methylation levels at three CpG sites for the aS1-casein are much higher in mastitic tissue 
(ranging from 28 to 68%) than in non-mastitic tissue (ranging from 10 to 25%) (Swanson 
et al., 2009; Singh et al., 2010). Wang et al. (2013) reported that the bovine CD4 promoter 
had 16% more methyl groups in cows with clinical mastitis (75.0 ± 5.8%) than in healthy 
cows (59.0 ± 8.5%). DNA methylation in the coding region is generally an important 
silencer (Hsieh, 1997; Irvine et al., 2002), and recent evidence suggests that methylation 
in the coding region silences human gene expression (Zhu et al., 2005). However, the de-
methylation of CpG sites in intra- and/or extra-genic positions has been shown to increase 
the transcription rate for a specific gene (Klose and Bird, 2006). In our study, all of the 
CpG sites were highly methylated, and the methylation level of CpG1 at position +519 
in infected cow quarters was significantly lower than that in uninfected quarters. CXCR1 
expression in infected quarters was significantly higher than in uninfected quarters. CpG1 
demethylation may increase gene expression, and CXCR1 could be regarded as an impor-
tant genetic or epigenetic marker in bovine mastitis induced by S. aureus. 

At present, there are several alternative hypotheses for the association between in-
tragenic DNA methylation and transcription, including modifying transcription efficien-
cy, altering the local histone conformation, and producing different levels of sense and 
antisense mRNA. Interestingly, recent evidence suggests that variable methylation levels 
of individual CpG sites affect the binding affinity of transcription factors to nearby bind-
ing sites (Flower et al., 2010; Rishi et al., 2010). This may suggest an alternative mecha-
nism by which specific intragenic CpG sites can affect transcription. In human breast 
cancer, the expression of ESR1 is of significant biological and prognostic importance, and 
it largely drives the clinical management plan. ESR1-positive tumors have broadly better 
outcomes, with slower-growing tumors, fewer metastases, and a greater range of hormon-
ally targeted treatment options, including tamoxifen and aromatase inhibitors. Methyla-
tion data of ESR1 show a typical pattern of methylation, with an unmethylated promoter 
and a highly methylated intragenic region, and the methylation level is above 0.9 for the 
CpGs in the exons (Li et al., 2010; Shenker and Flanagan, 2012). The methylation char-
acteristics of ESR1 are similar to those of CXCR1. Considering the importance of CXCR1 
in cow mastitis, future studies should examine the epigenetic regulation of this gene using 
larger sample sizes.
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CONCLUSIONS

We identified 13 CpG sites in the exon region of CXCR1 from the mammary tissue of 
Chinese Holstein cows challenged with S. aureus. We suggest that CpG1 at position +519 is a 
critical site in the regulation of CXCR1 expression. These results indicate that the methylation 
of CpG1 may regulate the expression of CXCR1 in cow mastitis induced by S. aureus, but the 
mechanisms involved need to be elucidated.
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