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Abstract Mastitis is a major source of economic loss in dairy
herds. The objective of this research was to evaluate the asso-
ciation between genotypes within SLC11A1 and CXCR1 can-
didate genes and clinical mastitis in Holstein dairy cattle using
the selective genotyping method. The data set contained clin-
ical mastitis records of 3,823 Holstein cows from two Holstein
dairy herds located in two different regions in Iran. Data in-
cluded the number of cases of clinical mastitis per lactation.
Selective genotyping was based on extreme values for clinical
mastitis residuals (CMR) from mixed model analyses. Two
extreme groups consisting of 135 cows were formed (as cases
and controls), and genotyped for the two candidate genes,
namely, SLC11A1 and CXCR1, using polymerase chain
reaction-single strand conformation polymorphism (PCR-
SSCP) and polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP), respectively.
Associations between single nucleotide polymorphism
(SNP) genotypes with CMR and breeding values for milk
and protein yield were carried out by applying logistic regres-
sion analyses, i.e. estimating the probability of the heteroge-
neous genotype in the dependency of values for CMR and
breeding values (BVs). The sequencing results revealed a nov-
el mutation in 1139 bp of exon 11 of the SLC11A1 gene and

this SNP had a significant association with CMR (P<0.05).
PCR-RFLP analysis leads to three banding patterns for
CXCR1c.735C>G and these genotypes had significant rela-
tionships with CMR. Overall, the results showed that
SLC11A1 and CXCR1 are valuable candidate genes for the
improvement of mastitis resistance as well as production traits
in dairy cattle populations.
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Introduction

Mastitis is one of the most predominant diseases in dairy cattle
herds and leads to economic losses in the dairy farms. Mastitis
as an inflammation of the mammary gland is caused by a wide
range of invading pathogens. Many candidate genes for mas-
titis resistance are being studied in a variety of populations to
understand the molecular markers (Shivanand et al. 2011).
Genes associated with neutrophil functions are potential ge-
netic markers for mastitis (Paape et al. 2000), such as chemo-
kine (C-X-C motif) receptor 1 (CXCR1). The protein encoded
by the CXCR1 gene is a member of the family of G-protein-
coupled receptor. This protein is a receptor for interleukin 8
(IL8). It binds to IL8 with high affinity and changes the signal
through a G-protein-activated second messenger system.
CXCR1 and CXCR2, as chemokine receptors present on neu-
trophil surfaces, are required for extreme neutrophil function
during infection (Murphy and Tiffany 1991). Grosse et al.
(1999) mapped the CXCR1 gene on BTA (Bos taurus auto-
some) 2, approximately 90.3 cM from the centromere.
Examination of the CXCR1 sequence in Holstein and Jersey
dairy cattle revealed one additional single nucleotide polymor-
phism (SNP) within a 311-bp fragment of the coding region
not present in the beef cattle population. The non-synonymous
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(G to C) SNP at c.735 results in the glutamine to histidine
substitution at amino acid 245. The amino acid is located
within the third intracellular loop of CXCR1, an important
region involved in mediating calcium signalling and
mobilisation, as well as G-protein binding. Hence, the bovine
CXCR1 gene is a potential candidate gene for mastitis resis-
tance, as CXCR1 is a critical component during neutrophil
migration to the mammary gland during mastitis incidence
(Youngerman et al. 2004b). However, controversial findings
were reported for the effect of this gene on clinical mastitis in
the US Holstein Friesians (Youngerman et al. 2004b), in
Canadian Holstein cows (Leyva-Baca et al. 2008) and in
German Holstein cattle (Goertz et al. 2009). Because of these
disputes, a more thorough understanding of SNPs present in
and near the bovine CXCR1 gene is required.

The solute carrier family 11 a1 (SLC11A1), already known
as natural resistance-associated macrophage protein
(NRAMP1), plays an important role in innate immunity,
favouring bacterial killing by macrophages, also its influence
on adaptive immunity (Vidal et al. 1995). The SLC11A1 gene
encodes a multi-pass membrane protein. The protein functions
as a divalent transition metal (iron and manganese) transporter
involved in iron metabolism and host resistance to specific
pathogens. It is reported that mutations in this gene have been
related with susceptibility to infectious diseases such as tuber-
culosis and leprosy, and inflammatory diseases. The bovine
SLC11A1 gene has also been found to be associated with
natural resistance against brucellosis in cattle and buffalo
(Capparelli et al. 2007; Martínez et al. 2008). This gene maps
on chromosome 2 and it composed of 39 exons and 38 introns.

Selection of disease-resistant cattle based on genetic
markers related with mastitis would not only enable the de-
velopment of a more resistant population but would also allow
closer examination of mechanisms that contribute to differen-
tial disease resistance and could ultimately lead to novel ther-
apeutic strategies against mastitis and other inflammatory dis-
eases (Youngerman et al. 2004a).

As the two CXCR1 and SLC11A1 genes play a key role in
mastitis resistance, the objectives of this study were to identify
candidate SNPs within a fragment of the bovine CXCR1 and
SLC11A1 genes to determine the frequencies of SNPs within
dairy Holstein cattle and their association with clinical
mastitis.

Materials and methods

Data

The clinical mastitis (CM) records were collected from 3,823
Holstein dairy cattle distributed within two Holstein herds
located in two different regions (Tehran and Isfahan) in Iran
during 2008 to 2010. CM was diagnosed as described by

Gernand et al. (2012), i.e. an obvious infection of the udder,
including dolor, rubor, change of colour and, additionally,
flakes in the milk. When counting cases of CM, an interval
of 5 days was required to consider an occurrence of CM as a
new case of CM (Hinrichs et al. 2005; Gernand et al. 2012).
More description about the data structure is presented by
Bagheri et al. (2013). At the end, 1,647 CM cases were re-
corded. The pool of cows used for selective genotyping, i.e.
the most resistant and the most susceptible group for CM, was
extracted based on values for clinical mastitis residuals
(CMR). For analysis of variance, the number of CM cases
per lactation was analysed by applying the procedure GLM
in SAS version 9.1 (SAS 2004), using the following statistical
model:

Yi jk ¼ Hi þ Lj þ βXk þ ei jk

where:

Yijk No. of CM cases per lactation for the kth cow
Hi Fixed effect of the ith herd-year
Lj Fixed effect of the jth lactation
Xk 305-day lactation milk yield of cow k in previous

lactation
β Linear regression of the no. of CM cases per lactation

on 305-day milk yield
eijk Random residual effect of CM cases

305-day lactation milk yield was considered in the statisti-
cal model because some authors, e.g. Fleischer et al. (2001),
found pronounced associations between 305-day milk yield in
previous lactation and occurrence of health disorders in the
current lactation. Furthermore, a cow’s production level may
encourage breeders for the application of preferential treat-
ment improving both the cow’s health and longevity. Based
on values for CMR, two extreme groups including 135 cows
per group were extracted for selective genotyping (Bagheri
et al. 2013). The significant difference between the genotypes
in case and control groups was explored by a two-sample t-test
with an alpha level of 0.05.

Genes genotyping

Genomic DNA extraction was carried out by the improved
salting out method (Miller et al. 1988). DNA concentration
and DNA quality were assessed by microplate spectropho-
tometer light and 1 % agarose gel electrophoresis. DNAwas
diluted to 50 ng/μL and stored in the refrigerator at −20 °C.
Forward and reverse primers to amplify a 221-bp fragment of
exon 11 of the SLC11A1 gene were used according to Zhang
et al. (2009), and to amplify a 311-bp fragment of the bovine
CXCR1 gene, were based on the study by Goertz et al. (2009).
Polymerase chain reactions (PCRs) were carried out in a total
volume of 25 μL solution containing 50 ng templates DNA,
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2.5×buffer (Tris-HCl 100 mmol/L, pH 8.3; KCl 500 mmol/
L), 1.0 μmol/L primers, 2.0 mmol/L MgCl2, 1.0 mmol/L
dNTPs and 0.5 U Taq DNA polymerase. The reaction condi-
tions of the PCR for SLC11A1 were: an initial DNA denatur-
ing of 95 °C for 5 min, followed by 35 cycles of 94 °C for 40 s,
61 °C for 40 s and 72 °C for 30 s, and a final extension at
72 °C for 5 min. For CXCR1, an initial denaturation at
95 °C for 2 min, followed by 35 cycles of denaturing at
95 °C for 1 min, 58.5 °C for 30 s and 68 °C for 1 min,
and a final extension at 72 °C for 5 min. The PCR
products were checked by agarose gel electrophoresis
using 2 % agarose gel in 1× TAE buffer at 100 V for
40 min. The amplified products were visualized using a
UV transilluminator.

The polymorphisms at exon 11 of the SLC11A1 gene
were investigated by polymerase chain reaction-single
strand conformation polymorphism (PCR-SSCP). A total
of 6.0 μL PCR product of exon 11 of the SLC11A1
gene was mixed with 12 μL of the denaturation solution
(50 mmol/L NaOH, 1 mmol/L EDTA) and 1 μL of the
loading buffer containing 0.25 % bromophenol blue and
0.25 % xylene cyanol, denatured for 10 min at 95 °C
and rapidly chilled in an ice block for 10 min. The
samples were electrophoresed using a 12 % sodium do-
decyl sulphate polyacrylamide gel. A thermostatically
controlled refrigerated circulator was used to maintain
constant temperature (4 °C) of the gels. The gels were
run in the following conditions: 250 V, 40 mA, 10 min
(pre-electrophoresis) and 150 V, 24 mA, for 4 h. The
gels were then stained by silver stain. Fifteen randomly
chosen samples of PCR products from homozygote and
heterozygote cows were utilised in sequencing. Analyses
of sequences were done using Big Dye Terminator
v3.1 Cycle Sequencing Kit chemistry on an ABI prism
3130 Genetic Analyzer (USA).

Polymorphisms of CXCR1c.735C>G were detected
using polymerase chain reaction-restriction fragment
length polymorphisms (PCR-RFLP). In brief, the prod-
uct of the PCR was digested using a 20-μL reaction
containing 1.5×buffer L, and 5 U Bme1580I and
300 ng PCR products were used at a constant tempera-
ture (37 °C) for 12 h. The digested products were elec-
trophoresed using a 3 % agarose gel in 1× TAE buffer
at 90 V for 2 h. The patterns of digested products were
visualised under a UV transilluminator.

Association analyses

For the estimation of SNP effects, we followed the approach
proposed by Henshall and Goddard (1999) for selective
genotyping data. At first, logistic regression analyses were
carried out using SAS’ GLIMMIX macro (Schabenberger
2007). The statistical model for estimating the probability of

e.g. a genotype GC versus a genotype CC was defined as
follows:

logit prð Þ ¼ log
πr

1−πr

� �
¼ aþ bYr

πr Probability of the genotype GC of cow r
a Intercept
Yr Estimated breeding value (EBV) for production traits or

CMR
b Linear regression of genotype GC on EBVor CMR

Test of significance of linear regression coefficients b was
based on sum of square type I tests (Wald-type tests), as im-
plemented in the GLIMMIX macro (König et al. 2005). In a
second step, the contrast α of the heterozygous genotype to
the homozygous genotype, e.g. the effect of genotype GC in
contrast to genotype CC, was estimated as described by
Henshall and Goddard (1999) or by Sharma et al. (2006) using
the equation:

α ¼
−1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2σ2

X

q
b

where σX
2 denotes the variance of EBV or CMR in the unse-

lected base population of 3,823 cows.
Both loci analysed were bi-allelic, resulting in three differ-

ent genotypes. Following the example given above, both ho-
mozygous genotypes (GG and CC) were contrasted to the
heterozygous genotype GC in two consecutive runs,
i.e. first contrasting GC to GG and, in a second run,
contrasting GC to CC.

Results

A polymorphism was identified within a 221-bp fragment of
exon 11 of the SLC11A1 gene using PCR-SSCP (Fig. 1). The
SSCP analysis and sequencing results also verified a new
mutation at position 1139 C>G. Blast of different genotypes
of the SLC11A1 gene is shown in Fig. 2. For the CXCR1 gene,
G to C polymorphism was recognised using PCR-RFLP, with
which the GG genotype was identified by the presence of 19-

Fig. 1 The polymerase chain reaction-single strand conformation
polymorphism (PCR-SSCP) result of the SLC11A1 gene
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and 292-bp fragments. The CC genotype was recognised with
the occurrence of 19-, 103- and 189-bp fragments. The het-
erozygous (GC) genotype was detected by the existence of
19-, 103-, 189- and 292-bp fragments.

The allele and genotype frequencies for both genes are
given in Table 1. Values from the Chi-square (χ2) test for
genotype frequencies indicate that all the studied loci deviate
from Hardy–Weinberg equilibrium significantly (P<0.05).
Frequencies of homozygous genotype in both groups (suscep-
tible and resistance cows) were almost the same for the
SLC11A1 gene. However, the heterozygous genotype in the
susceptible group had a higher frequency. At this locus, the
GG genotype was rare. The CC genotype had the highest
frequency in the resistant group, while the heterozygous ge-
notype had the greatest frequency in the susceptible group. In
the CXCR1 gene, the frequency of the C allele was signifi-
cantly higher in the susceptible group, whereas the G allele
had a higher frequency in the resistant group.

Differences in EBVs for production traits and for CMR
when comparing the heterozygous genotype to both

homozygous genotypes of the SNPs SLC11A1g.1139 C>G
and CXCR1c.735 C>G are given in Table 2. The difference
between genotypes CG and GG of SLC11A1 was not signifi-
cant for production and CMR traits, whereas a significant
difference was observed between genotypes CG and CC for
the CMR trait. The CXCR1 gene has a significant relationship
with resistance to clinical mastitis. It seems that the G allele of
the CXCR1 gene is associated with resistance to clinical mas-
titis. The results of association were also in agreement with
our expectation from the heterozygous frequency.

Discussion

The results of sequencing indicated that the SSCP difference
in SLC11A1 was attributed to a novel mutation in g.1139
(C>G). Recently, three polymorphisms (g.5828 C>T, g.7325
G>A, g.7571 C>G) within the coding regions of the SLC11A1
gene were identified in Bos taurus and Bos indicus breeds by
SSCP and DNA sequencing (Martínez et al. 2008), and an
SNP at g.1066 near the SNP in our study has already been
detected by Zhang et al. (2009). Martínez et al. (2008) ex-
plained that a moderate variation in the coding sequence of
the SLC11A1 gene would be a sign of selection pressure on the
SLC11A1 gene. Zhang et al. (2009) used the somatic cell score
(SCS) as an indicator of the udder health, but, here, we studied
the effects of these candidate genes on clinical mastitis inci-
dence in a case–control study. This study followed the proce-
dure of Sharma et al. (2006), with the difference that, in the
current study, the contrast between heterozygous with both
homozygous genotypes were surveyed. Also, in a previous
study, the selective genotyping procedure in combination with
logistic regression analysis introduced some useful markers in
the studied genes for clinical mastitis (Bagheri et al. 2013).

In addition to the CXCR1c.735C>G position as a quantita-
tive trait locus for SCS and its function in the immune re-
sponse, the CXCR1 chemokine receptor gene located on Bos
taurus autosome 2 is an auspicious candidate gene for udder
health in dairy cattle. Chen et al. (2011), using the PCR-SSCP
technique, identified four SNPs, −1830A>G, −1768T>A,
−344T>C and 783C>A, at the 5′ upstream and coding
region of CXCR1. Rambeaud and Pighetti (2007) compared
bovine genome sequences with the human CXCR1 and
CXCR2 sequences and revealed the gene CXCR2 formerly
associated with actually CXCR1. In an association analysis
study, Chen et al. (2011) reported that the genotypes
−1830AA, −1768TT and −344TT of the CXCR1 gene were
correlated significantly with SCS. Beecher et al. (2010) report-
ed thatCXCR1 had a significant association (P<0.05) with fat
yield and no significant association with subclinical mastitis.
Galvão et al. (2011) demonstrated that CXCR1c.735C>G ge-
notypes are associated with the incidence rate of clinical mas-
titis in Holstein cows. In the latter study, cows with the GG

Fig. 2 Blast of the different genotypes of the SLC11A1 gene

Table 1 Genotypic and allele frequencies for the SLC11A1 andCXCR1
genes in clinical mastitis-resistant and clinical mastitis-susceptible cows

SLC11A1 Genotype frequency Allele frequency

CC CG GG C G

Resistant 0.35 0.11 0.01 0.405 0.065

Susceptible 0.23 0.28 0.02 0.375 0.155

Test statistic χ2
2=23.22 χ1

2=17.83

P-value P<0.0001 P<0.0001

CXCR1 CC GC GG C G

Resistant 0.06 0.24 0.17 0.18 0.29

Susceptible 0.22 0.28 0.03 0.36 0.17

Test statistic χ2
2=49.64 χ1

2=45.84

P-value P<0.0001 P<0.0001
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genotype had an increased incidence rate of clinical mastitis
compared with CC and GC cows. These findings were differ-
ent from our study. We observed a decrease in CMR and an
increase in milk and protein yield for GG cows. Our observa-
tions were in line with a recent work on dairy cows (Verbeke
et al. 2014). In the German Holstein Friesian cattle, the asso-
ciation between the SNP at position c.735C>G within the
CXCR1 gene and SCS was not statistically significant
(Goertz et al. 2009). Further researches with a large number
of samples are required in order to confirm the association
between this mutation and SCS.

As mentioned by other studies, MHC genes such as
CXCR1 should be considered in selection strategies for im-
proving udder health traits in dairy cattle populations. The
selection of specific alleles of important genes would improve
udder health but the correlated response for other economic
traits should also be considered. In most breeding programs
for Holstein cattle around the world, yield traits have great
importance, including 50 % emphasis in combination
with other breeding goals (Miglior et al. 2005).
According to the quantitative genetics methodology,
the genetic correlation between protein yield or milk
production and resistance to clinical mastitis are antag-
onistic (Gernand et al. 2012). In a selection experiment
in Scandinavia in which sire selection was done based
on high breeding values for production traits, parallel to
breeding values for these traits, the clinical mastitis in-
creased too (Heringstad et al. 2007).

Simultaneous responses of two traits with unfavourable
genetic correlation result in the decrease of economic weights
of two traits. Although lack of sufficient phenotypic data for
these traits prevent considering this idea in breeding experi-
ments, direct selection of genes or markers which carry
favourable alleles for two traits in small selection groups could
be practical in dairy cattle breeding programmes. Such ideas
for animal genotyping is introduced by Moe et al. (2009),
which were based on selection against defective sires when
considering fertility.

Conclusions

The sequencing results revealed a novel mutation in 1139 bp
of exon 11 of the SLC11A1 gene. In contrast to Zhang et al.
(2009), this single nucleotide polymorphism (SNP) has a sig-
nificant relationship with clinical mastitis residuals (CMR).
Polymerase chain reaction-restriction fragment length poly-
morphism (PCR-RFLP) analysis leads to three banding pat-
terns for CXCR1c.735C>G and these genotypes had signifi-
cant relationships with CMR. Considering the well-known
unfavourable relationship between clinical mastitis and pro-
duction traits, direct selection of the SLC11A1 and CXCR1
genes would have potential application in the improvement
of dairy cattle breeding programmes.
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