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Abstract The prevention and control of bovine mastitis by
enhancing natural defenses in animals is important to improve
the quality of dairy products. Mastitis resistance is a complex
trait which depends on genetic components, as well as envi-
ronmental and physiological factors. The limitations of clas-
sical control measures have led to the search for alternative
approaches to minimize the use of antibiotics by selecting
naturally resistant animals. Polymorphisms in genes associat-
ed with the innate immune system are strong candidates to be
evaluated as genetic markers. In this work, we evaluated a set
of single nucleotide polymorphisms (SNPs) in candidate
genes for health and production traits, and determined their
association with the somatic cell score (SCS) as an indicator of
mastitis in Argentinean dairy cattle. We evaluated 941 cows:
Holstein (n=677) and Holstein x Jersey (n=264) crossbred,
daughters from 22 bulls from 14 dairy farms located in the
central dairy area of Argentina. Two of the 21 successfully
genotyped markers were found to be significantly associated
(p<0.05) with the SCS: GHR 140 and OPN_8514C-T. The
heterozygote genotype for GHR 140 showed a favorable ef-
fect in reducing the SCS. On the other hand, heterozygote
genotypes for OPN8514C-T caused an increase in the SCS;
moreover, combined genotypes for OPN SNPs showed an
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even larger effect. These findings can contribute to the design
of effective marker-assisted selection programs.

Keywords Mastitis - Resistance - Polymorphisms - Milk

Introduction

Bovine mastitis is defined as an inflammatory condition of the
mammary gland in response to injury directed to neutralize
and eliminate infectious agents, promote healing, and return to
normal function (Bramley et al. 1996). Economic losses asso-
ciated with this disease are attributed to reduced milk yield
and quality, reduced lactation persistency, and early culling
(Seegers et al. 2003; Capuco et al. 2003). Mastitis control is
based on milking-time hygiene, lactational and dry cow anti-
biotic therapy, periodic maintenance of the milking machine,
and culling of chronically infected cows (Bramley et al. 1996).
Despite these practices, the limited cure of Staphylococcus
aureus intramammary infections (IMIs) following antibiotic
therapy (Zecconi et al. 2006) and the lack of dry cow antibiotic
therapeutic levels during the periparturient period against en-
vironmental pathogens (Todhunter et al. 1991) make this dis-
ease difficult to control. In addition, indiscriminate use of
antibiotics could promote the emergence of bacterial strains
resistant to antibiotics. These limitations have led to the search
for alternatives approaches in order to minimize the use of
antibiotics, both by stimulating the animal’s defensive systems
to control infections and by selecting animals showing greater
natural resistance to IMIs (Denis et al. 2009; Rupp and
Boichard 2003). The prevention and control of mastitis by
enhancing natural defenses in animals is not only important
to improve the quality of dairy products, but also to decrease
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consumers’ concerns about issues such as food security and
animal welfare (Rupp et al. 2007). Subclinical mastitis is in-
directly diagnosed by the measurement of the somatic cell
count (SCC) in milk, where an increase in the SCC is mainly
due to the influx of white blood cells from blood to milk
directed to eliminate infectious agents from the mammary
gland. The SCC is positively correlated with the inflammatory
response of the mammary gland, presenting higher heritability
than clinical mastitis (Lund et al. 1999) and is highly correlat-
ed with bacterial infections (Weller et al. 1992). This param-
eter has been extensively used for the genetic improvement of
resistance to mastitis (Shook and Schutz 1994; Heringstad
et al. 2000).

Mastitis resistance is a complex trait which depends on
genetic components, as well as environmental and physiolog-
ical factors. Resistance can be defined as the cow’s ability to
prevent or to quickly overcome infection. Many chromosomal
regions have been associated with resistance to mastitis (http://
www.animalgenome.org/cgi-bin/QTLdb/BT/index). The
search for identifying genetic markers associated with
resistance to mastitis has focused on two approaches: the
search for quantitative trait loci (QTL) and single nucleotide
polymorphisms (SNPs) in candidate genes. The candidate
gene approach assumes that a gene involved in the physiology
of the trait may contain a mutation causing a variation in
phenotype. The gene, or part of the gene, is sequenced in
different animals and variations in the DNA sequence
(polymorphisms) are statistically tested for association with
variation in the phenotype (Hayes and Goddard 2010). With
a more focused approach, this process can identify additional
markers suitable for marker-assisted selection on experimental
models. Polymorphisms in genes associated with the innate
immune system are strong candidates to be evaluated in this
type of study. Genes encoding receptors and factors responsi-
ble for detecting and eliminating pathogens are likely to con-
tribute to the overall variation in resistance or susceptibility to
mastitis in dairy cattle (Sharma et al. 2011). Several studies
have identified polymorphisms in genes encoding the bovine
major histocompatibility complex (bovine leukocyte antigen;
BoLA) (Rupp et al. 2007; Sharif et al. 1998) and cytokine
receptors (Youngerman et al. 2004). Also, gene polymor-
phisms related to innate immune responses, such as
lactoferrin, have been studied (Wojdak-Maksymiec et al.
2006). Other types of candidates are the positional candidates,
genes located in a genomic region identified from a genome
scan as being likely to host a QTL. Many QTLs associated
with production traits have been shown to be closely related to
mastitis, as there is a well-established negative correlation
between production and mastitis (Oltenacu and Broom
2010). Another way to obtain candidates genes is to analyze
metabolic pathways and genes involved in the immune re-
sponse that show differential expression patterns using micro-
arrays on experimentally infected animals (Lutzow et al.
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2008; Swanson et al. 2009). The aim of this work was to
evaluate a set of recently identified SNPs in candidate genes
and determine their association with the log transformation of
the SCC, referred to as the somatic cell score (SCS), as an
indicator of mastitis in Argentinean dairy cattle.

Materials and methods
Animals and phenotypic data

The study included a total of 6,584 records from 941 cows:
Holstein (n=677) and Holstein % Jersey (n=264) crossbred.
Crosses were up to 87.5 % Jersey, the average being 87 %
Holstein. All cows were daughters from 22 bulls and belonged
to 14 dairy farms of only one dairy industry, located within
10 km from each other, in the province of Santa Fe, Argentina.
All animals were kept in the same feeding and sanitary man-
agement and were machine milked twice a day. The SCC was
recorded every 40 days by an official DHI.

For SCC determination, milk samples were preserved with
azidiol (0.3 %) at 4 °C and analyzed within 24 h. The SCC
determinations were performed by a commercial laboratory
(Laboratorio Regional de Servicios Analiticos, Esperanza)
using an automated counter, Somacount 300 (Bentley Instru-
ments, Chaska, MN, USA). Milk samples were warmed up at
3940 °C to facilitate homogenization. All of the studied cows
had at least four records during one lactation (the average was
seven). The analyzed data corresponded to 20 to 400 days in
milk.

DNA extraction

Bovine blood samples were collected from the jugular veins
into tubes containing EDTA as the anticoagulant. Genomic
DNA was extracted from fresh blood using a commercial kit
(AxyPrep Blood Genomic DNA Miniprep Kit, Axygen Bio-
sciences, Union City, CA, USA), according to the protocol
provided by the manufacturer. The quantity and quality of
DNA were checked by measuring the absorbance in a Thermo
Scientific NanoDrop™ 1000 Spectrophotometer.

Selection of candidate gene markers

The markers were selected from different sources: (i) SNPs
from genes that belonged to QTL mapping studies from
QTLdb (http://www.animalgenome.org/QTLdb/cattle.html);
(i1) SNPs in genes previously associated with production and
disease resistance traits; (iii) SNPs in differentially expressed
genes in transcriptional studies. Databases such as dbSNP
(http://www.ncbi.nlm.nih.gov/projects/SNP/) and Ensembl
(http://www.ensembl.org) were used to locate the position
and flanking sequence of each marker.
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Genotyping

Genotyping was performed using the SNPlex Genotyping
System (Applied Biosystems) (Tobler et al. 2005). A genotyp-
ing panel of 40 SNPs was designed using the manufacturer
pipeline for SNPs within 18 candidate genes and regions.
Three of the SNPs were discovered by our group by the se-
quencing of selected gene regions in the population sires (un-
published). Quality control of the results was done using
GeneMapper v4 software (Applied Biosystems).

Statistical analysis

Genotypic and allele frequencies for each SNP were calculated,
and the Chi-square test was used to verify that allele segregation
was in agreement with Hardy—Weinberg equilibrium (HWE).
Association analysis between genotypes and the SCS (SCS=
log2 [SCC/100,000)+3]) was carried out using linear mixed
models fitted by restricted maximum likelihood estimation
using WOMBAT (Meyer 2007) applying the following model:

Yijklmm) :/1'+L1+HYST]+DIMk+HF1+Gm + 4, +PE()+eyklmn()

where Yo is the test day record of the SCS; 1 is the herd
overall SCS mean; L; is the fixed effect of lactation number;
HYST; is the fixed effect for the combination of herd (H), year
(Y), and season (S) of the test record; DIM, is the fixed co-
variate of days in milk; HF; is the fixed effect of the proportion
of Holstein blood in the animal; G,, is the fixed effect of the
genotype/combined genotype for each SNP; 4,, is the random
additive genetic effect of the cow distributed as N(O, Aag),
which accounted for (co)variances between animals due to
genetic relationships by the formation of a matrix A based
on pedigree records; PE, is the random permanent environ-
mental effect distributed as N(O, Iaf,e); and e;jxjmno 18 the ran-
dom error distributed as (0, Io2). The likelihood and Akaike’s
information criterion were assessed (Akaike 1973) to deter-
mine the relative quality of the model with the included ef-
fects. To account for the risk of false-positives, a false discov-
ery rate (FDR) was used. The p-value threshold corresponding
to an FDR of 0.20 was calculated using the package gvalue in
R (Storey and Tibshirani 2003). SNPs with p-values less than
or equal to the g-value corresponding to the FDR were con-
sidered significantly associated.
Heritabilities were calculated as:

2
2 __ 9y

) 2 2
0a+gpe+ae

where o7 represents the estimated additive genetic variance;
af,e is the estimated permanent environment variance; and o?
is the residual variance.

Results
SNPs markers

From the total of 40 SNPs that were included in the panel, 38
passed the quality control in GeneMapper v4 of signal median
and cluster discrimination. The two discarded SNPs were lo-
cated within the interleukin 8 (IL8) and fatty acid synthase-1
(FASN-1) genes. Three additional SNPs were removed be-
cause they were beyond the scope of this work, since they
are the causative mutation of genetic disorders: BLAD (bo-
vine leukocyte adhesion deficiency; Shuster et al. 1992),
DUMPS (deficiency of uridine monophosphate synthase;
Schwenger et al. 1993), and CVM (complex vertebral malfor-
mation; Thomsen et al. 2006). Of the 35 remaining SNPs, 6
(17 %) were removed because of a poor genotype call rate
(below 90 %). Those SNPs were located on lactoglobulin
(LGB; three SNPs), alpha-S1 casein (CSN1), oxidized low
density lipoprotein receptor-1 (OLR1), and signal transducer
and activator of transcription SA (STATS) genes. In conclu-
sion, after filtering SNPs based on the calling rate and
SNPlex® platform quality rules, the genotypes for 29 SNPs
were analyzed. Minor allele frequencies (MAF) for the ana-
lyzed SNPs are presented in Table 1. From the 29 SNPs re-
maining, three of them were monomorphic for this selected
group of animals, so they were excluded from further analysis.
One of the SNPs, ABCG2_199 [within the ATP-binding cas-
sette, subfamily G (WHITE), member 2 gene], was then re-
moved because its MAF did not reach the 0.05 limit. Then, as
a genotyping quality control, the Hardy—Weinberg test was
performed. Of the 25 remaining markers, four showed signif-
icant deviations from HWE and were also discarded. Finally,
the 21 remaining SNPs were analyzed to find associations.
Three of them, PRL_inl (SNP in bovine prolactin gene, intron
1), GH_51, and GH 335 (SNPs within the growth hormone
gene), were newly discovered by sequencing each selected
gene region (unpublished). The MAF from the final set of
21 SNPs ranged from 0.08 for PPARGC1A 337 (peroxisome
proliferator-activated receptor-y coactivator 1o gene) to 0.48
for GH_51.

Association analysis

After the analyses, two of the 21 successfully genotyped
markers were found to be significantly associated (p<0.05)
with the SCS. The results of the analysis are shown in Table 2.
These two SNPs, GHR 140 (within the growth hormone re-
ceptor gene) and OPN_8514C-T (osteopontin, or secreted
phosphoprotein 1 gene, SPP1), were previously described as
being associated with milk traits. GHR 140 is a substitution
ofan A fora T in exon 8 of the growth hormone receptor gene
(GHR), leading to phenylalanine for tyrosine change at posi-
tion 279 (F279Y), and it is located within the transmembrane

@ Springer



J Appl Genetics

Table 1 Summary statistics for the genotyped single nucleotide polymorphisms (SNPs)

SNP name rs identifier or Gene Gene SNP location Genotype  Genotypic =~ MAF  HWE
amino acid change location Chr:nucleotide frequency

SNP9 1843375517 ARL4A 5'UTR 4:20,296,999 C/C 0.10 0.34 0.21
G/C 0.47
G/G 043

SNP12 1s42213673 ETVI Intergenic ~ 4: 22,111,819 Cc/C 0.41 0.36 0.52
C/T 0.47
T/T 0.12

SNP24 1543745957 Intergenic ~ 4:24,305,381 C/C 0.22 0.45 0.16
C/T 0.47
T/T 0.31

OBESE _305T-C 129004488 OBESE-LEP  Exon 4:93,262,056 C/IC 0.28 0.45 0.00%**
C/T 0.54
T/T 0.18

ABCG2_199 1343702337 ABCG2 Exon 6:38,027,010 A/A 0.98 0.01*  0.81
A/C 0.02
c/C 0.00

SPP1_11740 rs132812135 SPP1/OPN 3'UTR 6:38,120,968 Cc/C 0.08 0.29 0.87
A/IC 0.41
A/A 0.51

OPN_8514C-T Intron 4 SPP1/OPN Intron 6:38,122,666 Cc/C 0.28 0.47 0.80

(position 8514 NW_255516.1) C/T 0.50

T/T 0.22

PPARGCIA ¢1892 15109579682 PPARGCIA  Intron 6:44,875,251 A/A 0.04 0.21 0.57
A/G 0.34
G/G 0.62

PPARGCI1A_230 15133669403 PPARGCIA Exon 6:44,875,315 A/A 0.02 0.14 0.27
A/IG 0.25
G/G 0.74

PPARGCIA_337 rs17870811 PPARGCIA  Intron 6:44,875,421 C/C 0.85 0.08 0.21
C/T 0.15
T/T 0.00

CSN1 BD AS3T CSN1 Exon 6:87,148,464 A/A 0.00 0.00* 0.00
A/G 0.00
G/G 1.00

CSN1_BF S66L CSN1 Exon 6:87,150,003 C/C 1.00 0.00*  0.00
C/T 0.00
T/T 0.00

CSN1_BCF 1543703010 CSN1 Exon 6:87,157,262 A/A 0.81 0.10 0.93
A/G 0.18
G/G 0.01

CSN2_Serl122Arg 1543703013 CSN2 Exon 6:87,181,453 C/C 0.90 0.06 0.00%**
G/C 0.09
G/G 0.01

CSN2_Pro67His 143703011 CSN2 Exon 6:87,181,619 Cc/C 0.40 0.35 0.027%*
A/C 0.49
A/A 0.11

CSN3_68 1343706475 CSN3 Exon 6:87,390,479 T/T 1.00 0.00*  0.00
T/G 0.00
G/G 0.00

CSN3_165 143703015 CSN3 Exon 6:87,390,576 C/C 0.72 0.15 0.12
C/T 0.26
T/T 0.01

CSN3_221 1343703017 CSN3 Exon 6:87,390,632 A/A 0.83 0.09 0.37
A/G 0.17
G/G 0.01

IL8 28 143707839 IL8 Splice 6:90,561,773 C/C 0.25 0.50 0.90
A/IC 0.50
A/A 0.26

GH_335 Unpublished GH Exon 19:48,768,766  C/C 0.03 0.14 0.01%**
A/C 0.22
A/A 0.75

GH_51 Unpublished GH Intron 19:48,769,040  C/C 0.27 0.48 0.58
C/T 0.51
T/T 0.22
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Table 1 (continued)

SNP name rs identifier or Gene Gene SNP location Genotype  Genotypic ~ MAF HWE
amino acid change location Chr:nucleotide frequency

GHR_140 F279Y GHR Exon 20:31,909,479  T/T 0.70 0.16 0.17
T/A 0.26
A/A 0.03

PRLR_SI18N rs135164815 PRLR Exon 20:39,115,344  A/A 0.73 0.14 0.57
G/A 0.25
G/G 0.02

UTMP_1296G-A 1rs132991801 UTMP Exon 21:59,667,572 A/A 0.13 0.36 0.80
A/G 0.47
G/G 0.40

LTF 90 1541256920 LTF 5'UTR 22:53,521,978  C/C 0.05 0.22 0.71
C/A 0.35
A/A 0.61

LTF_250 143706485 LTF 5'UTR 22:53,522,038  C/C 0.04 0.21 0.90
C/G 0.33
G/G 0.63

PRL g8398G-A 15211032652 PRL Exon 23:35,106,206  A/A 0.01 0.12 0.80
A/G 0.21
G/G 0.78

PRL inl Unpublished PRL Exon 23:35,110,940  C/C 0.08 0.30 0.09
C/T 0.44
T/T 0.48

SCD1_A293V 1541255693 SCD1 Splice site  26:21,144,707  C/C 0.72 0.15 0.33
C/T 0.25
T/T 0.03

Positions correspond to the UMD?3.1 bovine genome assembly. For SNPs without an rs identifier, the published notation or protein change was used to
identify them. Genotype and allele frequencies and the significance of deviations from Hardy—Weinberg equilibrium (/WE) based on p-values obtained
from the Chi-square test results are shown. All SNP nucleotide positions were obtained from build UMD3.1 of the B. taurus genome sequence on the

Ensembl database (http://www.ensembl.org)

*Minor allele frequencies (MAF) below 0.05 and **deviations from HWE (p<0.05) were not included in further statistical analysis

domain of the GHR protein (Blott et al. 2003). OPN_8514C-T
is a substitution of a C for a T in intron 4 of the SPP1 gene.
Looking at each genotype effect for those SNPs, the genotype
T/A in GHR 140 showed a positive effect in reducing the
SCS, while genotype T/T in OPN_8514C-T had a negative
impact, increasing the SCS value.

For genes containing more than one SNP, combined geno-
types were analyzed (Table 3). All existing combined geno-
types were included in the association analysis. From all the
possibilities of each combined genotype, only the LTF
(lactoferrin gene) was shown to have all possible combinations
(9/9). The other genotypes counts were CSN3 (casein kappa)
(6/9), PRL (prolactin) (8/9), PPARGCIA (peroxisome

proliferator-activated receptor-y coactivator 1) (10/27),
OPN (6/9), and GH (growth hormone) (8/9). From the associ-
ation study of the combined genotypes, only those correspond-
ing to the OPN gene were found to be significantly associated
with the SCS. The genotype AC/TT confirmed the results ob-
tained during the analysis of the individual SNP effect, showing
an increase in the SCS value (0.30 + 0.13).

Heritabilities and other estimated variance components are
included in Table 4, along with the estimated proportion of
phenotypic variance accounted for the different random ef-
fects and its estimated standard error. The estimated heritabil-
ity values ranged from 0.094 (no marker model) to 0.091. The
proportions of additive genotypic variance explained by the

Table2  Effect sizes per genotype class (and corresponding standard deviations) for SNPs and combined genotypes significantly associated, after false

discovery rate (FDR) correction, with the somatic cell score (SCS)

SNP Genotypes/maker effects (SD) p-Value Intercept

GHR 140 TT TA AA 0.008 4.25 (0.40)
0 —0.37 (0.18) —0.15 (0.07)

OPN_8514C-T cC CT TT 0.024 4.22(0.41)
0.00 0.17 (0.09) 0.38 (0.18)

OPN AA/TC AA/TT AC/TC AC/TT CC/TT 0.018 4.29 (0.46)
0.019 (0.10) 0.19 (0.24) 0.05 (0.09) 0.30 (0.13) 0.04 (0.14)
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Table 3  Frequencies of combined genotypes

Locus Combined genotype Number Frequency
LTF AA/CC 7 0.01
AA/CG 124 0.14
AA/GG 415 0.47
AC/CC 20 0.02
AC/ICG 149 0.17
AC/GG 134 0.15
cc/ee 12 0.01
CC/CG 18 0.02
CC/GG 6 0.01
CSN3 AA/CC 517 0.58
AA/TT 12 0.01
AA/CT 212 0.24
AG/CC 132 0.15
AG/CT 13 0.01
GG/CC 5 0.01
PRL CC/AA 7 0.01
CC/AG 34 0.04
CC/GG 31 0.03
CT/AA 5 0.01
CT/AG 132 0.14
CT/GG 273 0.29
TT/AG 28 0.03
TT/GG 417 0.45
PPARGCI1A AA/GG/CC 37 0.04
AG/GA/CC 58 0.06
AG/GG/CC 218 0.24
AG/GG/CT 29 0.03
GG/AA/CC 14 0.02
GG/GA/CC 140 0.15
GG/GA/CT 26 0.03
GG/GG/CC 298 0.33
GG/GG/CT 83 0.09
GG/GG/TT 3 0.00
OPN AA/CC 232 0.28
AA/TC 169 0.20
AA/TT 19 0.02
AC/TC 247 0.30
AC/TT 91 0.11
CC/TT 71 0.09
GH CC/AA 131 0.14
CC/AC 90 0.10
cc/cc 24 0.03
TC/AA 352 0.38
TC/AC 112 0.12
TC/CC 5 0.01
TT/AA 199 0.22
TT/AC 2 0.00

@ Springer

different markers were 0.025, 0.015, and 0.035 for GHR 140,
OPN_8514C-T, and the combined OPN markers, respectively.
An estimated repeatability value for the SCS in this dataset
was 0.47.

Discussion

The heritability and repeatability values estimated in this study
are consistent with previously published studies (Mrode and
Swanson 1996; Evans and Berry 2005; Rupp and Boichard
1999). Markers found to be associated with the SCS in this
study explained only a small proportion of the total genetic
variance. This is due to the low heritability and the polygenic
nature of the SCS, which is affected by a large number of
variants throughout the genome.

In the present study, a panel of SNPs selected from different
candidate genes or regions was evaluated. Several SNPs were
discarded because of failure of the genotyping system (8),
because they were not related to the aim of the study (3), or
because of genetic constraints for the analysis (8).

Associations were detected for two individual SNPs and for
combined genotypes of one of the candidate genes. The detect-
ed effects, even small effects, lie on two different genes, one
directly related with the immune system (OPN) and the other
that can be considered related with many biological functions.

Osteopontin (OPN) is a phosphorylated glycoprotein that
plays a role in various biological processes. It is a cytokine
produced by macrophages and activated T cells (Patarca et al.
1989), considered as an important regulator of the inflamma-
tory response encoded by the gene SPP1 (secreted phospho-
protein 1). Among other properties found for osteopontin, it
has been shown to confer resistance to several intracellular
pathogens infections, through the recruitment and activation
of macrophages (Weber et al. 2002). An analysis of the OPN
gene by Alain et al. (2009) revealed that the OPN transcript
was detected as being early expressed during mastitis in mam-
mary somatic cells. In this study, we showed that different
genotypes of the OPN_8514C-T marker significantly affected
the SCS. Animals with the T/T genotype showed higher SCS
values (0.38 + 0.18, p < 0.05) than animals with other geno-
types, a finding that was confirmed later by analysis of the
combined genotypes of the polymorphisms in the OPN gene.
Individuals with the combined genotype AC/TT were those
who had the highest SCS (0.30 +0.13; »p<0.05). The genotype
C/T in OPN8514C-T was the most frequently found (half of
our population), and the remaining animals had genotypes C/
C and T/T at similar proportions (0.28 and 0.22, respectively).
Previous studies have shown a significant association of OPN
variants with milk composition traits like fat and protein per-
centage (Cohen et al. 2004; Schnabel et al. 2005), revealing
similar genotypic frequencies in pure Holstein and Polish
Holstein—Friesian herds to those found in our study (Leonard
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Table 4 Summary of estimated

GHR_140 OPN_8514C-T OPN

variance components (and No marker

corresponding standard errors) for )

the different markers Oc 1.012 (0.320)
o> 0.198 (0.053)
The 0.904 (0.027)
o 2.114 (0.592)

2

# Proportion of additive genotypic h 0.094

variance explained by SNPs %V,SNP* -

b ¢ Pproportion of phenotypic Vrat,” 0.479 (0.095)

variation accounted by random Vrat, 0.428 (0.087)

effects

1.010 (0.310)
0.193 (0.049)

1.011 (0.312)
0.195 (0.051)

1.007 (0.324)
0.191 (0.050)

0.905 (0.025) 0.904 (0.031) 0.905 (0.050)
2.107 (0.585) 2.110 (0.572) 2.105 (0.610)
0.092 0.092 0.091
0.025 0.015 0.035
0.478 (0.081) 0.478 (0.076) 0.476 (0.072)
0.428 (0.083) 0.428 (0.079) 0.428 (0.076)

et al. 2005; Khatib et al. 2007). In the former studies, the
heterozygote C/T was the most abundant genotype in the pop-
ulations. The C/T polymorphism at position 8514 of the OPN
gene was previously associated with milk protein and fat per-
centages in 1,362 bulls obtained from 28 sire families (Leon-
ard et al. 2005); however, to the best of our knowledge, this is
the first time that an association between this polymorphism
and the SCS is reported. The effect determined for the com-
bined genotype was higher than the effect of the SNP
OPN_8514C-T itself. It is well known that the power and
accuracy of association mapping can be improved by group-
ing SNPs into haplotype blocks (Zhao et al. 2003). Many
studies have been reported where the combined genotype or
haplotype analysis resulted in the detection of a significant
association with the trait, while single SNP analysis did not
result in any significant association or presented higher p-
values (Clark 2004; Lambert et al. 2013). Although this SNP
has been studied in our population and should be validated for
different populations, it has potential value as a molecular
marker in a marker-assisted selection program.

The transmembrane receptor growth hormone encoded by
the GHR gene, located on chromosome 20 (Frank et al. 1994),
is a transducer of hormone action and plays a key role in lipid
and carbohydrate metabolism (Lucy et al. 2001). It is
expressed on numerous immune cells, including T cells, B
cells, and monocytes, and is known to promote cell prolifera-
tion and/or survival (Taub et al. 2010). Several studies report-
ed repeated mapping of QTLs for the SCS on chromosome 20,
close to the GHR gene (Rodriguez-Zas et al. 2002; Ashwell
et al. 2004; Ron et al. 2004; Casas and Snowder 2008).

The GHR_ 140 maker was originally described by Blott
et al. (2003) as a substitution of an A for a T in exon 8§ of
the bovine growth hormone receptor gene. This change leads
to a substitution of a phenylalanine for a tyrosine residue at
position 279 (F279Y) located within the transmembrane do-
main of the GHR protein. In the association analysis of the
GHR 140 (F279Y) marker, we have found that animals car-
rying the T/A allele showed significantly lower SCS values
(=0.37 £ 0.18; p<0.05) than animals carrying other alleles.
The minor allele represented in our population was 279Y,

showing a frequency of 0.16; the observed genotypic frequen-
cies found were 0.70 for the homozygous T/T, 0.26 for the
heterozygous T/A, and 0.03 for the homozygous A/A. The
low frequency of the homozygote YY in our study was con-
sistent with other Holstein—Friesian populations from the
Netherlands, New Zealand (Blott et al. 2003), the UK (Banos
etal. 2008), and Italy (Fontanesi et al. 2009). Rahmatalla et al.
(2011) found that the F279Y genotypes showed highly signif-
icant effects on milk and lactose yields and a significant effect
on lowering the SCC for the 279Y allele. However, since the
Y'Y genotype occurs rarely in different Holstein populations,
further analysis with larger populations should be conducted
in order to verify the true effect of the genotype.

Polymorphisms in this gene have been found to be signifi-
cantly associated with the SCS and production traits in
different Holstein cows from several countries. Blott et al.
(2003) mapped a QTL with a major effect on milk yield and
composition, finding that this polymorphism was associated
with this effect in Holstein and Jersey populations from differ-
ent countries, pointing out that the SNP is the responsible nu-
cleotide (quantitative trait nucleotide, QTN) or is tightly asso-
ciated with the causal mutation. Viitala et al. (2006) confirmed
that the F279Y SNP explained most of the QTL variance for
milk and protein yield in Finnish Ayrshire dairy cattle, but they
also found another association between the SNP PRLR S18N
(from a serine by asparagine residue change at position 18)
with protein and fat yield. In another study, Waters et al.
(2011) reported 32 new SNPs by resequencing of the GHR
gene and also confirmed that the F279Y SNP is strongly asso-
ciated with milk yield and fat/protein content. One of the 32
polymorphisms, GHR 19.1, was located in an intron 2,349 bp
upstream of exon 3 and was associated with the SCS. There-
fore, based on the mentioned evidence, this marker could be
useful in a selection program to improve resistance to mastitis,
together with other milk production traits. Although the 279Y
allele is strongly associated with high milk yield and lower
SCS, it occurs in low frequency in dairy cattle. Further studies
should be conducted to clarify whether this polymorphism is
also affecting other milk, reproductive, or/and fitness traits,
which has led to a negative selection in dairy cows.
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In conclusion, we reported here the association of two
markers, one of which is not directly related with the immune
functions, with the SCS in Argentinean dairy cattle. Based on
these results, and in accordance with previous studies, it ap-
pears that not only the genes involved in the immune response
and its basic functions, but also other genomic regions not
directly related with the immune system are involved in
resistance/susceptibility to mastitis. The OPN_8514C-T and
GHR 140 genotypes and the OPN combined genotypes sig-
nificantly affected the SCS in this herd, providing useful in-
formation for its application in breeding programs.

Acknowledgments This work was supported by Agencia Nacional de
Promocion Cientifica y Tecnologica (PAE 37143, PICT 01523), INTA
PNLEC-071051, and INTA AEBIO-245711.

References

Akaike H (1973) Information theory and an extension of the maximum
likelihood principle. In: Petrov BN, Csaki F (eds) Proceedings of the
2nd International Symposium on Information Theory, Akademiai
Kiado, Budapest, Hungary, pp 267-281

Alain K, Karrow NA, Thibault C, St-Pierre J, Lessard M, Bissonnette N
(2009) Osteopontin: an early innate immune marker of Escherichia
coli mastitis harbors genetic polymorphisms with possible links with
resistance to mastitis. BMC Genomics 10:444

Ashwell MS, Heyen DW, Sonstegard TS, Van Tassell CP, Da Y,
VanRaden PM, Ron M, Weller JI, Lewin HA (2004) Detection of
quantitative trait loci affecting milk production, health, and repro-
ductive traits in Holstein cattle. J Dairy Sci 87:468-475

Banos G, Woolliams JA, Woodward BW, Forbes AB, Coffey MP (2008)
Impact of single nucleotide polymorphisms in leptin, leptin receptor,
growth hormone receptor, and diacylglycerol acyltransferase
(DGAT1) gene loci on milk production, feed, and body energy traits
of UK dairy cows. J Dairy Sci 91:3190-3200

Blott S, Kim JJ, Moisio S, Schmidt-Kiintzel A, Cornet A, Berzi P,
Cambisano N, Ford C, Grisart B, Johnson D, Karim L, Simon P,
Snell R, Spelman R, Wong J, Vilkki J, Georges M, Farnir F,
Coppieters W (2003) Molecular dissection of a quantitative trait
locus: a phenylalanine-to-tyrosine substitution in the transmembrane
domain of the bovine growth hormone receptor is associated with a
major effect on milk yield and composition. Genetics 163:253-266

Bramley AJ, Cullor JS, Erskine RJ, Fox LK, Harmon RJ, Hogan JS,
Nickerson SC, Oliver SP, Smith KL, Sordillo LM (1996) Current
concepts of bovine mastitis. 4th Edition. National Mastitis Council,
Madison, WI

Capuco AV, Ellis SE, Hale SA, Long E, Erdman RA, Zhao X, Paape MJ
(2003) Lactation persistency: insights from mammary cell prolifer-
ation studies. J Anim Sci 81:18-31, Review

Casas E, Snowder GD (2008) A putative quantitative trait locus on chro-
mosome 20 associated with bovine pathogenic disease incidence. J
Anim Sci 86:2455-2460

Clark AG (2004) The role of haplotypes in candidate gene studies. Genet
Epidemiol 27:321-333

Cohen M, Seroussi E, Band MR, Lewin HA, Drackley JK, Larkin DM,
Everts-van der Wind A, Heon-Lee J, Loor, JJ, Shani M (2004) SPP1
is a candidate gene for the QTL affecting milk protein concentration
on BTAG6 in Israeli Holstein. In: Proceedings of the 29th
International Conference on Animal Genetics, ISAG, Tokyo,
Japan, September 2004

@ Springer

Denis M, Wedlock DN, Lacy-Hulbert SJ, Hillerton JE, Buddle BM
(2009) Vaccines against bovine mastitis in the New Zealand context:
what is the best way forward? N Z Vet J 57:132-140

Evans R, Berry D (2005) Genetics of Udder Health in Ireland. Report by
the Irish Cattle Breeding Federation

Fontanesi L, Scotti E, Tazzoli M, Beretti F, Dall’Olio S, Davoli R, Russo
V (2009) Investigation of allele frequencies of the growth hormone
receptor (GHR) F279Y mutation in dairy and dual purpose cattle
breeds. Ital J] Anim Sci 6:415-420

Frank SJ, Gilliland G, Kraft AS, Arnold CS (1994) Interaction of the
growth hormone receptor cytoplasmic domain with the JAK2 tyro-
sine kinase. Endocrinology 135:2228-2239

Hayes B, Goddard M (2010) Genome-wide association and genomic
selection in animal breeding. Genome 53:876-883

Heringstad B, Klemetsdal G, Ruane J (2000) Selection for mastitis resis-
tance in dairy cattle: a review with focus on the situation in the
Nordic countries. Livest Prod Sci 64:95-106

Khatib H, Zaitoun I, Wiebelhaus-Finger J, Chang YM, Rosa GJ (2007)
The association of bovine PPARGCIA and OPN genes with milk
composition in two independent Holstein cattle populations. J Dairy
Sci 90:2966-2970

Lambert JC, Grenier-Boley B, Harold D, Zelenika D, Chouraki V,
Kamatani Y, Sleegers K, Ikram MA, Hiltunen M, Reitz C, Mateo
I, Feulner T, Bullido M, Galimberti D, Concari L, Alvarez V, Sims
R, Gerrish A, Chapman J, Deniz-Naranjo C, Solfrizzi V, Sorbi S,
Arosio B, Spalletta G, Siciliano G, Epelbaum J, Hannequin D,
Dartigues JF, Tzourio C, Berr C, Schrijvers EM, Rogers R, Tosto
G, Pasquier F, Bettens K, Van Cauwenberghe C, Fratiglioni L, Graff
C, Delepine M, Ferri R, Reynolds CA, Lannfelt L, Ingelsson M,
Prince JA, Chillotti C, Pilotto A, Seripa D, Boland A, Mancuso
M, Bossu P, Annoni G, Nacmias B, Bosco P, Panza F, Sanchez-
Garcia F, Del Zompo M, Coto E, Owen M, O’Donovan M,
Valdivieso F, Caffarra P, Scarpini E, Combarros O, Buée L,
Campion D, Soininen H, Breteler M, Riemenschneider M, Van
Broeckhoven C, Alpérovitch A, Lathrop M, Trégouét DA,
Williams J, Amouyel P (2013) Genome-wide haplotype association
study identifies the FRMD4A gene as a risk locus for Alzheimer’s
disease. Mol Psychiatry 18:461-470

Leonard S, Khatib H, Schutzkus V, Chang YM, Maltecca C (2005)
Effects of the osteopontin gene variants on milk production traits
in dairy cattle. J Dairy Sci 88:4083-4086

Lucy MC, Jiang H, Kobayashi Y (2001) Changes in the somatotrophic
axis associated with the initiation of lactation. J Dairy Sci 84:E113—
E119

Lund MS, Jensen J, Petersen PH (1999) Estimation of genetic and phe-
notypic parameters for clinical mastitis, somatic cell production de-
viance, and protein yield in dairy cattle using Gibbs sampling. J
Dairy Sci 82:1045-1051

Lutzow YC, Donaldson L, Gray CP, Vuocolo T, Pearson RD, Reverter A,
Byrne KA, Sheehy PA, Windon R, Tellam RL (2008) Identification
of immune genes and proteins involved in the response of bovine
mammary tissue to Staphylococcus aureus infection. BMC Vet Res
4:18

Meyer, K (2007) WOMBAT - a tool for mixed model analyses in quan-
titative genetics by REML, J. Zhejiang Uni. Science B 8:815-821

Mrode RA, Swanson GJT (1996) Genetic and statistical properties of
somatic cell count and its suitability as an indirect means of reducing
the incidence of mastitis in dairy cattle. Animal Breed Abstr 64:847—
857

Oltenacu PA, Broom DM (2010) The impact of genetic selection for
increased milk yield on the welfare of dairy cows. Anim Welf 19:
3949

Patarca R, Freeman GJ, Singh RP, Wei FY, Durfee T, Blattner F, Regnier
DC, Kozak CA, Mock BA, Morse HC 3rd (1989) Structural and
functional studies of the early T lymphocyte activation 1 (Eta-1)
gene. Definition of a novel T cell-dependent response associated



J Appl Genetics

with genetic resistance to bacterial infection. J Exp Med 170:145—
161

Rahmatalla SA, Miiller U, Strucken EM, Reissmann M, Brockmann GA
(2011) The F279Y polymorphism of the GHR gene and its relation
to milk production and somatic cell score in German Holstein dairy
cattle. J Appl Genet 52:459-465

Rodriguez-Zas SL, Southey BR, Heyen DW, Lewin HA (2002) Interval
and composite interval mapping of somatic cell score, yield, and
components of milk in dairy cattle. J Dairy Sci 85:3081-3091

Ron M, Feldmesser E, Golik M, Tager-Cohen I, Kliger D, Reiss V,
Domochovsky R, Alus O, Seroussi E, Ezra E, Weller JI (2004) A
complete genome scan of the Israeli Holstein population for quanti-
tative trait loci by a daughter design. J Dairy Sci 87:476-490

Rupp R, Boichard D (1999) Genetic parameters for clinical mastitis,
somatic cell score, production, udder type traits, and milking ease
in first lactation Holsteins. J Dairy Sci 82:2198-2204

Rupp R, Boichard D (2003) Genetics of resistance to mastitis in dairy
cattle. Vet Res 34:671-688

Rupp R, Hernandez A, Mallard BA (2007) Association of bovine leuko-
cyte antigen (BoLA) DRB3.2 with immune response, mastitis, and
production and type traits in Canadian Holsteins. J Dairy Sci 90:
1029-1038

Schnabel RD, Kim JJ, Ashwell MS, Sonstegard TS, Van Tassell CP,
Connor EE, Taylor JF (2005) Fine-mapping milk production quan-
titative trait loci on BTA6: Analysis of the bovine osteopontin gene.
Proc Natl Acad Sci U S A 102:6896-6901

Schwenger B, Schober S, Simon D (1993) DUMPS cattle carry a point
mutation in the uridine monophosphate synthase gene. Genomics
16:241-244

Seegers H, Fourichon C, Beaudeau F (2003) Production effects related to
mastitis and mastitis economics in dairy cattle herds. Vet Res 34:
475-491

Sharif S, Mallard BA, Wilkie BN, Sargeant JM, Scott HM, Dekkers JC,
Leslie KE (1998) Associations of the bovine major histocompatibil-
ity complex DRB3 (BoLA-DRB3) alleles with occurrence of dis-
ease and milk somatic cell score in Canadian dairy cattle. Anim
Genet 29:185-193

Sharma N, Singh NK, Bhadwal MS (2011) Relationship of somatic cell
count and mastitis: an overview. Asian-Aust J Anim Sci 24:429-438

Shook GE, Schutz MM (1994) Selection on somatic cell score to improve
resistance to mastitis in the United States. J Dairy Sci 77:648—658

Shuster DE, Kehrli ME Jr, Ackermann MR, Gilbert RO (1992)
Identification and prevalence of a genetic defect that causes leuko-
cyte adhesion deficiency in Holstein cattle. Proc Natl Acad Sci U S
A 89:9225-9229

Storey JD, Tibshirani R (2003) Statistical significance for genomewide
studies. Proc Natl Acad Sci U S A 100:9440-9445

Swanson KM, Stelwagen K, Dobson J, Henderson HV, Davis SR, Farr
VC, Singh K (2009) Transcriptome profiling of Streptococcus

uberis-induced mastitis reveals fundamental differences between
immune gene expression in the mammary gland and in a primary
cell culture model. J Dairy Sci 92:117-129

Taub DD, Murphy WJ, Longo DL (2010) Rejuvenation of the aging
thymus: growth hormone-mediated and ghrelin-mediated signaling
pathways. Curr Opin Pharmacol 10:408-424

Thomsen B, Horn P, Panitz F, Bendixen E, Petersen AH, Holm LE,
Nielsen VH, Agerholm JS, Ambjerg J, Bendixen C (2006) A mis-
sense mutation in the bovine SLC35A3 gene, encoding a UDP-N-
acetylglucosamine transporter, causes complex vertebral malforma-
tion. Genome Res 16:97-105

Tobler AR, Short S, Andersen MR, Paner TM, Briggs JC, Lambert SM,
Wu PP, Wang Y, Spoonde AY, Koehler RT, Peyret N, Chen C,
Broomer AJ, Ridzon DA, Zhou H, Hoo BS, Hayashibara KC,
Leong LN, Ma CN, Rosenblum BB, Day JP, Ziegle JS, De La
Vega FM, Rhodes MD, Hennessy KM, Wenz HM (2005) The
SNPIex genotyping system: a flexible and scalable platform for
SNP genotyping. J Biomol Tech 16:398-406

Todhunter DA, Smith KL, Hogan JS, Schoenberger PS (1991) Gram-
negative bacterial infections of the mammary gland in cows. Am J
Vet Res 52:184-188

Viitala S, Szyda J, Blott S, Schulman N, Lidauer M, Méki-Tanila A,
Georges M, Vilkki J (2006) The role of the bovine growth hormone
receptor and prolactin receptor genes in milk, fat and protein pro-
duction in Finnish Ayrshire dairy cattle. Genetics 173:2151-2164

Waters SM, McCabe MS, Howard DJ, Giblin L, Magee DA, MacHugh
DE, Berry DP (2011) Associations between newly discovered poly-
morphisms in the Bos taurus growth hormone receptor gene and
performance traits in Holstein—Friesian dairy cattle. Anim Genet
42:39-49

Weber GF, Zawaideh S, Hikita S, Kumar VA, Cantor H, Ashkar S (2002)
Phosphorylation-dependent interaction of osteopontin with its re-
ceptors regulates macrophage migration and activation. J Leukoc
Biol 72:752-761

Weller JI, Saran A, Zeliger Y (1992) Genetic and environmental relation-
ships among somatic cell count, bacterial infection, and clinical
mastitis. J Dairy Sci 75:2532-2540

Wojdak-Maksymiec K, Kmie¢ M, Zukiewicz A (2006) Associations be-
tween defensin polymorphism and somatic cell count in milk and
milk utility traits in Jersey dairy cows. J Vet Med A Physiol Pathol
Clin Med 53:495-500

Youngerman SM, Saxton AM, Oliver SP, Pighetti GM (2004)
Association of CXCR2 polymorphisms with subclinical and clinical
mastitis in dairy cattle. J Dairy Sci 87:2442-2448

Zecconi A, Calvinho L, Fox L (2006) Staphylococcus aureus
intramammary infections. Bulletin of the International Dairy
Federation, no. 408, 39 pp

Zhao H, Pfeiffer R, Gail MH (2003) Haplotype analysis in population
genetics and association studies. Pharmacogenomics 4:171-178

@ Springer



	Single nucleotide polymorphisms in candidate genes and their relation with somatic cell scores in Argentinean dairy cattle
	Abstract
	Introduction
	Materials and methods
	Animals and phenotypic data
	DNA extraction
	Selection of candidate gene markers
	Genotyping
	Statistical analysis

	Results
	SNPs markers
	Association analysis

	Discussion
	References


