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Many studies have identified genetic factors underlying resistance or susceptibility to mastitis in dairy cows and heifers. Some authors focused on polygenic variation while others searched for genes and/or quantitative trait loci with major effects on mastitis. Classical traits related to mastitis include somatic cell counts, electrical conductivity and clinical cases of the disease. With the development of automatic milking devices and '-omics' technologies, new traits are considered, such as acute phase proteins, immunological assays, and milk flow patterns, and new biological pathways are discovered, for example the role of mammary epithelium and the nervous system. The usefulness of these traits for identification of resistant cows is discussed in relation to the biological mechanisms underlying the development of the disease. In addition, the utility of these traits for genetic improvement is reviewed. Finally, the problem of durability in resistance is addressed, including co-evolution and the cost of resistance.
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Introduction

The use of breeding as a measure to combat mastitis in dairy cattle has been the subject of considerable research effort over the past 20 years or so. Genetic studies may be classified according to two major modes of action for the genes underlying traits associated with mastitis resistance: the polygenic and major gene approaches, respectively. The results from studies on both modes of action will be reviewed, based upon research papers found in PubMed with the key words 'genetic' and 'mastitis', published mainly after 2005 and with particular attention to heifer mastitis.

The distinction between modes of action is theoretical as, in reality, few characteristics are purely Mendelian, purely polygenic or purely environmental. Most depend on some mix of major and minor genetic determinants, together with environmental influences. Pure Mendelian and pure polygenic characteristics occupy opposite ends of a spectrum. In between are disease traits governed by one or a few major susceptibility loci, possibly operating against a polygenic background, and possibly subject to major environmental influences.

The polygenic hypothesis

The inheritance of quantitative traits is typically viewed in terms of what is called polygenic inheritance (Mendelian inheritance at many loci): the traits are the expression of a large number of genes, each with small, additive and relatively equal effects. Under this hypothesis, heritability (h²) estimates have been computed for different traits measuring the susceptibility of cows to mastitis. Genetic selection is more effective in improving traits with a high heritability than in improving traits with a low heritability. By definition, h² measures the degree to which the phenotypic variation is reflected by the genetic variation. In the context of susceptibility to mastitis, an evident phenotype is the presence or absence of clinical signs of mastitis (CM). This seems straightforward but studies differ greatly in their definition of CM and in the models used to compute h². As pointed out by [START_REF] Gasqui | Statistical modelling for clinical mastitis in the dairy cow : problems and solutions[END_REF], the type of model used depends on the unit of observation or the study level: herd, lactation, animal, udder and quarter. Clinical signs may be observed at the animal [START_REF] De Haas | Genetic parameters of pathogen-specific incidence of clinical mastitis in dairy cows[END_REF] or quarter level [START_REF] Nash | Heritability of clinical mastitis incidence and relationships with sire transmitting abilities for somatic cell score, udder type traits, productive life, and protein yield[END_REF]. Heifers are often classified CM positive if they experience at least one episode of CM but some authors have used the number of clinical cases, the number of veterinary treatments or the number of days from calving to CM [START_REF] Carlen | Genetic evaluation of mastitis in dairy cattle using linear models, threshold models, and survival analysis: a simulation study[END_REF]. A veterinarian and/or the producer may diagnose the disease. The period of observation may vary from before calving up to anywhere until the end of lactation. Heritabilities have been computed assuming CM follows a binary [START_REF] Klungland | Quantitative trait loci affecting clinical mastitis and somatic cell count in dairy cattle[END_REF] or a normal distribution (after log-transformation). Recent developments in statistical analyses have lead to threshold models [START_REF] Heringstad | Multivariate threshold model analysis of clinical mastitis in multiparous Norwegian dairy cattle[END_REF]. Under such models, it is assumed there is an unobserved latent variable, which reflects the liability to CM and a conceptual threshold at or above which clinical disease is observed. Liability is a latent continuous variable that underlies the expression of a disease. It represents the contribution of all genetic and environmental influences.

Clinical signs and bacteriological analysis

Individuals whose liability exceeds a certain threshold manifest the disorder, with the more severely affected individuals assumed to have a higher liability than the less severely affected individuals Summarizing studies on CM (reviewed by [START_REF] Detilleux | Genetic factors affecting susceptibility of dairy cows to udder pathogens[END_REF][START_REF] Rupp | Genetics of resistance to mastitis in dairy cattle[END_REF], one may consider h² for CM to be around 5%, although it may reach 15% under the liability scale (Zwald et al., 2006). In heifers, h² varied with the species of bacteria infecting the gland [START_REF] De Haas | Genetic parameters of pathogen-specific incidence of clinical mastitis in dairy cows[END_REF][START_REF] Nash | Heritability of clinical mastitis incidence and relationships with sire transmitting abilities for somatic cell score, udder type traits, productive life, and protein yield[END_REF] but estimates are not consistent across studies. Values of h 2 also vary with the period of observation with respect to calving, with h² ranging from 0.24 to 0.73 [START_REF] Heringstad | Multivariate threshold model analysis of clinical mastitis in multiparous Norwegian dairy cattle[END_REF]. Although a few h² estimates were high, it is unlikely that selection based on CM will be highly effective because, on average, estimates for h 2 are low. Moreover, only Norway, Denmark and Sweden have field recording systems with records of all veterinary treatments (since the early 80s) that allow them to implement national genetic evaluation based on such data. For example, a selection experiment in Norway showed, after 5 cow-generations, a decrease in mastitis frequency A c c e p t e d M a n u s c r i p t 5 from 11 to 5% in a cow line selected for little veterinary treatment from 15d before to 120d after calving [START_REF] Heringstad | Selection responses for disease resistance in two selection experiments with Norwegian red cows[END_REF].

Occurrence of mastitis (with or without clinical signs) can also be identified by bacteriological analyses but h² values for this measure are scarce. They vary from 2% [START_REF] Weller | Genetic and environmental relationships among somatic cell count, bacterial infection, and clinical mastitis[END_REF] to 10% [START_REF] Detilleux | Mastitis of periparturient Holstein cattle: a phenotypic and genetic study[END_REF] and 20% [START_REF] Wanner | Intramammary infections in primiparous Holsteins: heritabilities and comparisons of bovine leukocyte adhesion deficiency carriers and noncarriers[END_REF]. Bacteriological analyses are impractical for selection purposes because they are not available on a large scale and costly to obtain.

Somatic cell counts

To counter the weakness of CM and bacteriological culture as measures of mastitis, the use of indirect biomarkers of intra-mammary infection has been proposed. A popular one is the somatic cell score (SCS), i.e., a logarithmic transformation of somatic cell count (SCC). SCC is a key measure of milk quality. Selection based on SCS rather than CM may be advantageous as SCC is routinely recorded every month in most dairy cattle recording systems and h² for SCS is higher than for CM. In fact, international genetic evaluations for SCS in dairy cattle have been available, through Interbull since May 2001. Heritabilities range from 10 to 15% for lactation average SCS (average individual test-day records), and from 5 to 14% for single monthly test-day SCS [START_REF] Detilleux | Genetic factors affecting susceptibility of dairy cows to udder pathogens[END_REF][START_REF] Rupp | Genetics of resistance to mastitis in dairy cattle[END_REF]. For first-parity cows, some authors obtained low h 2 (4 to 5%) at the beginning of the lactation and higher (11 to 13%) at the end [START_REF] Haile-Mariam | Estimates of genetic parameters for daily somatic cell count of Australian dairy cattle[END_REF]Mrode and Swanson, 2001;Odegard et al., 2003) while others observed a U-shaped trajectory with a minimum around the 50 th or 100 th day in milk [START_REF] Negussie | Genetic evaluation of somatic cell score in dairy cattle considering first and later lactations as two different but correlated traits[END_REF][START_REF] De Roos | Genetic parameters of test-day somatic cell score estimated with a random regression model[END_REF].

There is no consensus on the use of SCC as an indirect means for reducing incidence of mastitis [START_REF] Mrode | Genetic and statistical properties of somatic cell count and its suitability as an indirect means of reducing the incidence of mastitis in dairy cattle[END_REF]. Indeed, SCC data are usually collected on a monthly basis while some infections (especially by coliforms) can occur and completely disappear between 2 adjacent samplings. In some studies, milk SCC prior to experimental challenge with Staphylococcus aureus was higher in cows that resisted infection than in cows that eventually became infected [START_REF] Beaudeau | Risk of clinical mastitis in dairy herds with a high proportion of low individual milk somatic-cell counts[END_REF][START_REF] Piccinini | Study on the relationship between milk immune factors and Staphylococcus aureus intramammary infections in dairy cows[END_REF][START_REF] Schukken | Experimental Staphylococcus aureus intramammary challenge in late lactation dairy cows, quarter and cow effects determining the probability of infection[END_REF]Shuster et al., 1996; A c c e p t e d M a n u s c r i p t 6 Suriyasathaporn et al., 2000). This may not reflect the natural situation because the teat end, which is the first line of defense, has been bypassed in many infection experiments. Using mathematical models, we showed SCC should be in a limited range, not too low and not too high, to clear infection by S. aureus [START_REF] Detilleux | Neutrophils in the war against Staphylococcus aureus: predator-prey models to the rescue[END_REF] in experimental studies. On the other hand, [START_REF] Rupp | Relationship of early first lactation somatic cell count with risk of subsequent clinical mastitis[END_REF] found, in field studies, heifers with low SCC at the first test day had the lowest probability of CM later in the lactation. Similarly, De Vliegher et al. (2004) showed, in heifers, high SCC measured in the first 2 wk after calving was associated with elevated test-day SCC in the subsequent months.

An argument against the use of SCC in selection against CM is the fact that genetic correlation between lactation SCS and CM is less than 100%, which suggests SCS and CM, are different traits.

In first parity cows, genetic correlation varied from 30% [START_REF] Poso | Relationships between clinical mastitis, somatic cell score, and production for the first three lactations of Finnish Ayrshire[END_REF] to 70% [START_REF] Koivula | Genetic and phenotypic relationships among milk yield and somatic cell count before and after clinical mastitis[END_REF][START_REF] Rupp | Relationship of early first lactation somatic cell count with risk of subsequent clinical mastitis[END_REF]. Some argue SCS is not the same trait in cows with or without CM. In the healthy gland, the predominant cell type is macrophages (34-79%) followed by lymphocytes (16-28%), PMN (3-26%) and epithelial cells (2-15%) but these percentages change dramatically after infection as the permeability of the milk barrier increases (Lindmark-Mansson et al., 2006). Based on a data set of 499,878 heifers, [START_REF] Heringstad | Genetic associations between clinical mastitis and somatic cell score in early first-lactation cows[END_REF] calculated that h² for SCS in cows with CM (h² = 0.02) was significantly lower than h² for healthy cows (h² = 0.08). The genetic correlation between SCS of cows with and without CM was 78%, significantly lower than the 100% expected if SCS were the same trait in cows with or without mastitis. The polygenic nature of both CM and SCS, with some genes in common and some genes linked to one of the traits only, may explain this imperfect correlation. In mixture models, cows are assigned to different subpopulations (e.g., healthy or diseased) via posterior probabilities estimated from the SCS data, rather than on crude SCS. Since the publication of the first model [START_REF] Detilleux | Application of a mixed normal mixture model for the estimation of Mastitis-related parameters[END_REF], mixture models have been improved (Odegard et al., 2003(Odegard et al., , 2005) ) and use to analyze real data [START_REF] Boettcher | Genetic analysis of somatic cell scores in US Holsteins with a Bayesian mixture model[END_REF]. Recently, we proposed the hidden Markov model which is an expansion of the mixture models and allows the estimation, for each cow, of the individual future probability of getting infected or remaining or becoming healthy given the current SCS [START_REF] Detilleux | A mixed hidden Markov model for analyzing somatic cell scores[END_REF].
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Automatic milking records

The development in recent years of techniques for automated sampling has lead to the in-line measurement of biomarkers for CM, including milk electrical conductivity (EC), milk flow patterns (Tančin et al., 2007) and enzymes such as N-acetyl-beta-D-glucosaminidase (NAGase) and L-lactate dehydrogenase (LDH). NAGase is an intracellular, lysosomal enzyme that is released into milk from neutrophils during phagocytosis and cell lysis, and to some degree, from damaged epithelial cells (Pyörälä, 2003). LDH, an enzyme involved in energy production in cells, originates mainly from somatic cells, and from damaged mammary epithelial and interstitial cells [START_REF] Babaei | Assessment of lactate dehydrogenase, alkaline phosphatase and aspartate aminotransferase activities in cow's milk as an indicator of subclinical mastitis[END_REF]. Chagunda et al. (2006aChagunda et al. ( , 2006b) ) showed that LDH activity was better than NAGase activity at classifying CM and combined LDH activity with mastitis risk factors such as days from calving, breed, parity, milk yield, udder characteristics, other disease records, electrical conductivity, and herd characteristics to obtain a daily estimate for each cow of the risk of having mastitis. Such an index may be valuable for selection as h² for serum LDH activity in replacement heifers at weaning, yearling, and prebreeding stages were 0.22, 0.32, and 0.13, respectively [START_REF] Brown | Heritability of lactate dehydrogenase activity in replacement beef heifers[END_REF] Electrical conductivity (EC) is also an indicator of mastitis because the concentration of Na + and Cl -increases in the milk from infected quarters, leading to increased EC. The h² estimates (0.22 to 0.39) for daily measures from Holstein heifers suggest this indicator is a potential trait for breeding programs, especially because its genetic correlation with CM is 75%.

Cell-mediated and antibody-mediated immunity

Heritability estimates for selected immune mechanisms underlying mastitis resistance have also been computed. [START_REF] Kelm | Genetic association between parameters of inmate immunity and measures of mastitis in periparturient Holstein cattle[END_REF] upon the mechanisms studied and the time of sampling. For example, the concentration of blood polymorphonuclear neutrophils (PMN) after parturition is highly heritable (h 2 = 0.87) but h 2 for blood PMN ability to migrate in vitro either randomly (area in square millimeters) or directly (directed millimeters/random millimeters) in response to chemotactic factors is almost zero [START_REF] Detilleux | Immunological parameters of periparturient Holstein cattle: Genetic variation[END_REF]. The h² for the PMN cytochrome C reduction assay, a measure of PMN production of superoxide anion, was estimated at 0.22, 0.88 and 0.99 before, around, and after calving [START_REF] Detilleux | Immunological parameters of periparturient Holstein cattle: Genetic variation[END_REF]. More recently, [START_REF] Young | In vitro peripheral blood mononuclear cell proliferation in a crossbred cattle population[END_REF] reported moderate heritabilities for S. aureus-induced, PHA-induced, and control proliferation of peripheral blood mononuclear cells (h 2 = 0.20, 0.20 and 0.30, respectively). With regards to antibody-mediated immunity, it was found that h² is high for IgG 1 concentration in colostrum [START_REF] Gilbert | Genetic and environmental factors affecting immunoglobulin G1 concentrations in the ewe colostrum and lamb serum[END_REF], for serum antibody response to injection of ovalbumin and to E. coli J5 antigen, and for hemolytic complement activity (Wagter et al., 2000). Heritability estimates for antibody to ovalbumin were 0.62, 0.32, 0.50, and 0.58 at wk -3, 0, 3, and 6 relative to parturition, respectively. Heritability estimates for antibody to E. coli J5 antigen at wk -3, 0, 3, and 6 relative to parturition were 0.13, 0.88, 0.32, 0.5, and 0.88, respectively (Wagter et al., 2000). Heritability of 10.2% was reported for the ability to produce antibodies to Mycobacterium avium subsp. paratuberculosis [START_REF] Mortensen | Genetic variation and heritability of the antibody response to Mycobacterium avium subspecies paratuberculosis in Danish Holstein cows[END_REF].

Practically, the ability of cows to mount an efficient immune response cannot be measured on the millions of cows registered in national breeding programs, even if tests measuring mechanisms such as the respiratory burst activity may be performed on milk rather than blood PMN [START_REF] Mehrzad | Blood and milk neutrophil chemiluminescence and viability in primiparous and pluriparous dairy cows during late pregnancy, around parturition and early lactation[END_REF]. To solve this issue, some authors have proposed to restrict the collection of immunological data to AI bulls. Indeed, if a strong correlation exists between immunocompetence, i.e. the ability to mount an efficient immune response in sires and resistance to mastitis in their daughters, then only samples from bulls would be necessary for selecting resistant cows [START_REF] Kelm | Genetic association between parameters of inmate immunity and measures of mastitis in periparturient Holstein cattle[END_REF]. Others have proposed to restrict the samplings to a small number of assays considered as important in the development of the response to udder pathogens. To do so, the fate of leukocytes and bacteria during an inflammatory reaction was quantified mathematically and it was found that A c c e p t e d M a n u s c r i p t 9 milk SCC was mostly sensitive to variations in the rate of bacterial killing and the rate of production of inflammatory cells [START_REF] Detilleux | Mathematical model of the acute inflammatory response to Escherichia coli in intramammary challenge[END_REF] Serum concentrations of various bovine acute phase proteins (APP) were correlated with the severity of clinical signs of experimentally induced E. coli mastitis [START_REF] Hirvonen | Acute-phase response in dairy cows with acute postpartum metritis[END_REF] and could serve as potential biomarkers. [START_REF] Eckersall | Acute phase proteins in bovine milk in an experimental model of Staphylococcus aureus subclinical mastitis[END_REF] showed that haptoglobin (Hp) and mammary-associated serum amyloid A (SAA) appear in milk during mastitis, and that Hp and SAA increase in the serum during mastitis. In humans, h² for basal serum levels of APP ranges from 24 to 26% [START_REF] Best | Genetic determination of acute phase reactant levels, the strong heart study[END_REF]. Specific values for dairy heifers are not available. In beef cattle, [START_REF] Qiu | Genetic effects on acute-phase protein response to the stresses of weaning and transportation in beef calves[END_REF] found breed differences in APP concentrations in response to weaning and transportation.

The oligenic hypothesis

Under this hypothesis, a few genes with major effects will confer resistance and/or susceptibility. The search for such genes centers on two major techniques, linkage mapping and the candidate gene approach. Linkage mapping is the process of systematically scanning the genome to identify a quantitative trait locus (QTL), i.e., a region of DNA closely linked to the genes that underlie the disease phenotype. A QTL is often not the actual gene underlying the disease trait, but rather a region of DNA that is closely linked with the gene(s). The candidate gene approach involves assessing the association between a particular allele (or set of alleles) of a gene and the disease process. The choice of the candidate gene is based on an understanding of the mechanisms underlying the disease.

Quantitative trait loci

In cattle, many QTL for CM and SCC were found (reviewed by [START_REF] Khatkar | Quantitative trait loci mapping in dairy cattle: review and meta-analysis[END_REF][START_REF] Klungland | Quantitative trait loci affecting clinical mastitis and somatic cell count in dairy cattle[END_REF][START_REF] Rupp | Genetics of resistance to mastitis in dairy cattle[END_REF]. They are localized on almost all 30 bovine A c c e p t e d M a n u s c r i p t 10 chromosomes. Some of these associations were only found in single cattle populations, and some associations were found only for SCC and not CM or vice versa. This diversity of results is confusing and may be due to the different environmental conditions (exposure to pathogens) and genetic backgrounds of studied populations (host and pathogen).

In contrast to QTL for SCC, no QTL for CM were localized on Chr. 23 [START_REF] Boichard | Detection of genes influencing economic traits in three French dairy cattle breeds[END_REF][START_REF] Holmberg | Quantitative trait loci affecting health traits in Swedish dairy cattle[END_REF], although Chr. 23 harbors genes of the major histocompatibility complex (MHC). This supports the hypothesis that SCC and CM are not the same genetic trait. QTL for both CM and SCC were localized on Chr. 3, 4, 9, 11, 18 and 27, which recommends them as candidate chromosomes for fine mapping. This was done by [START_REF] Brunner | The telomeric region of BTA18 containing a potential QTL region for health in cattle exhibits high similarity to the HSA19q region in humans[END_REF] and [START_REF] Mömke | A refined radiation hybrid map of the telomeric region of bovine chromosome 18q25-q26 compared with human chromosome 19q13[END_REF] for Chr. 18. They observed synteny between the telomeric region of Chr. 18 (containing QTL for mastitis) and the HSA19q region in humans. Such discoveries should improve selection of candidate genes for mastitis susceptibility in dairy cattle.

MHC candidate genes

MHC genes are plausible candidates because of the important role played by MHC molecules in the regulation of both antibody-and cell-mediated immune responses to infection. The results of the class I association studies are inconsistent with many different class I alleles (haplotypes) appearing to confer susceptibility or resistance. A likely explanation for this is that resistance is controlled by a linked class II gene rather than by a class I gene. Among class II genes, the gene DRB3 has been extensively evaluated because it is the most polymorphic. In a review by [START_REF] Rupp | Genetics of resistance to mastitis in dairy cattle[END_REF], three studies showed significant association of allele DRB3.2*24 with susceptibility to mastitis, intramammary infections with major pathogens, clinical mastitis and high SCC.

The situation is confusing as alleles DRB3.2*23, DRB3.2*8 and DRB3.2*16 have been associated with either higher or lower SCC and/or CM. For example, [START_REF] Dietz | Bovine lymphocyte antigen class II alleles as risk factors for high somatic cell counts in milk of lactating dairy cows[END_REF] Starkenburg et al. (1997) observed associations between DRB3.2*23 and SCS (positive) and CM (negative), but these were non-significant.

Several explanations could be given for the divergence between studies on association between MHC alleles and indicators of mastitis. First, alleles may be related to resistance or susceptibility according to environmental conditions. Some alleles could confer resistance to a pathogen present in one study and susceptibility to another pathogen present in another study.

Conversely, different alleles could confer resistance or susceptibility to the same pathogen. In support of this, [START_REF] Ledwidge | Associations between specific bovine leukocyte antigen DRB3 alleles and mastitis in Canadian Holsteins[END_REF] found, in one specific population, that DRB3.2*23 was associated with increased number of cultures positive for E. coli and Strep. spp. and DRB3.2*16 was associated with a decreased number of cultures positive for Strep. spp. Second, the association between MHC polymorphisms and mastitis traits may not be causal but linked to other MHC loci involved in mastitis resistance, which would lead to different associations according to families. Therefore, analysis of effect of MHC haplotypes rather than single locus should be preferred to get a better handle on the links between genotype and resistance to mastitis. For example, [START_REF] Park | Characterization of lymphocyte subpopulations and major histocompatibility complex haplotypes of mastitis-resistant and susceptible cows[END_REF] found haplotype DH24A was more frequent in a group of 15 cows that received at least 2 treatments for CM over a period of 4 years than in a resistant group with no history of medical treatment of mastitis. The haplotype included DRB3.2*24, DQA*1A, and DQB*1 alleles. Genes of the MHC complex could also be linked to non-MHC genes, as genes for heat-shock protein HSP70, for complement C4, and for TNF have all been mapped on Chr. 23 (Bovmap) The underlying biological mechanisms that lead to MHC-disease associations are not clear. For example, [START_REF] Rupp | Association of bovine leukocyte antigen (BoLA) DRB3.2 with immune response, mastitis, and production and type traits in Canadian Holsteins[END_REF] showed that associations between BoLA DRB3.2 alleles and immune responses tended to be in the opposite sign for traits measuring type 1 (cellular) and type 2 (humoral) immune response: alleles DRB3.2*3 and *24 were associated with higher antibodymediated but lower cell-mediated responses, whereas the reverse was observed for allele *22. This A c c e p t e d M a n u s c r i p t 12 may be related to the bacterial species infecting the gland. Neutrophils that enter in contact with bacteria may communicate with the dendritic cells through cell-surface receptors [START_REF] Ludwig | Two way communication between neutrophils and dendritic cells[END_REF]. The latter, being highly potent antigen presenting cells, will drive T helper generation. If, as suggested for BLV, resistant and susceptible alleles at the DRB3.2 locus differ in their amino acids, the MHC molecules may bind differently to helper T cells and trigger either Th 1 or Th 2 response.

Non-MHC candidate genes

Genes associated with neutrophil migration are also potential genetic targets for selection. A popular example is the point mutation in the gene encoding the CD18 subunit of the Mac-1 glycoprotein leading to the BLAD syndrome [START_REF] Shuster | Identification and prevalence of a genetic defect that causes leukocyte adhesion deficiency in Holstein cattle[END_REF]. Another example is the association of polymorphism at the chemokine CXCR2 gene with impaired PMN migration and increased frequency of subclinical mastitis [START_REF] Rambeaud | Impaired neutrophil migration associated with specific bovine CXCR2 genotypes[END_REF][START_REF] Youngerman | Association of CXCR2 polymorphisms with subclinical and clinical mastitis in dairy cattle[END_REF] although little genetic association was found between breeding values for SCS and genes for chemokine (CCL2 and IL8) and chemokine receptor (IL8RA and CCR2) [START_REF] Leyva-Baca | Identification of single nucleotide polymorphisms in the bovine CCL2, IL8, CCR2 and IL8RA genes and their association with health and production in Canadian Holsteins[END_REF].

Polymorphisms in the gene sequence of IL-8R of Jersey cows [START_REF] Youngerman | A novel candidate genetic marker for mastitis resistance in Jersey cattle[END_REF] were also associated with CM. Polymorphisms in the gene coding for the Toll-like receptor 4 (TLR4), an important pattern recognition receptor of bacterial endotoxins, were associated with estimated breeding values for SCS in the Canadian Holstein bull population [START_REF] Sharma | Association of toll-like receptor 4 polymorphisms with somatic cell score and lactation persistency in Holstein bulls[END_REF]. Finally, polymorphisms in the gene sequence of the beta 4-defensin in Holsteins [START_REF] Bagnicka | The polymorphism in the beta4-defensin gene and its association with production and somatic cell count in Holstein-Friesian cows[END_REF] were associated with SCC.

Potential candidate genes

A popular way to identify candidate genes is by microarray. The major advantage of this technology is the ability to monitor differential gene expression for thousands of genes underlying complex disease simultaneously, the idea being that the expression of candidate genes A c c e p t e d M a n u s c r i p t 13 following disease challenge is different between resistant and susceptible animals. This approach is also useful for elucidating the pathogenesis of the disease by unravelling the regulatory relationship between genes. Zheng et al. (2006) analyzed gene expression patterns of approximately 23,000 transcripts 4 h after an intramammary infusion of lipopolysaccharide (LPS) in a mouse model. A total of 489 genes were significantly affected, of which 391 were induced, mostly genes associated with the innate immune response, apoptosis, and cell proliferation (chemokines CXCL1, CXCL2, and S100A8; the acute-phase protein SAA3; and the LPS binding protein CD14). [START_REF] Schwerin | Application of disease-associated differentially expressed genes--mining for functional candidate genes for mastitis resistance in cattle[END_REF] compared mammary gland mRNA patterns in samples from a non-infected and an infected udder quarter of a cow. Among the 532 (out of a total of 704) differentially displayed cDNA bands that show a similarity with previously described genes, the majority exhibited homology to protein kinase encoding genes (STK9, JIK, CDK8, PRKDC and VRK2), to genes involved in the regulation of gene expression (AHCY, HNRPU, SSR1, NRD1, RORA), to growth and differentiation factor encoding genes (OSTF1, RSC1A1, AHNAK, and TP53) and to immune response or inflammation marker encoding genes (COVA1, LY75, PLCE and SAA3).

Analyses of the expression of genes in mammary epithelial tissue lead to the discovery of its importance in the early stages of the interaction between pathogens and the host. [START_REF] Larson | Bovine serum amyloid A3 gene structure and promoter analysis: induced transcriptional expression by bacterial components and the hormone prolactin[END_REF] However, microarray identifies all expression in the cell and could be reporting the expression of a gene that is affected by the disease rather than the cause. To disentangle the complex between candidate genes, we are currently studying the feasibility of surrogate end-point analyses and structural equations as tools for identifying the most likely genetic networks that best fit the data.

With such models, one may determine whether a biomarker belongs to the causal pathway between gene and disease or whether it lies on a separate pathway.

Durability of Resistance

Evidence from immunology and genetics demonstrate selective breeding of genetically based resistance is likely to modify the relationships between cows and pathogens, as reviewed above. The challenge is to integrate effectively the information from both fields into existing breeding programs.

Genetic engineering is one potential way to increase the host defense against mastitis.

In the first published bovine model, cows carrying a gene coding for an antistaphylococcal peptide, lysostaphin, were shown to be resistant to S. aureus [START_REF] Wall | Genetically enhanced cows resist intramammary Staphylococcus aureus infection[END_REF]. Cows expressing recombinant human lactoferrin, an iron sequestering protein, in their milk were not protected from experimental infection with E. coli, the bacteria species most susceptible to lactoferrin (Hyvönen et al., 2006). There are public concerns regarding the use of transgenic animals for food production although the approach had little effect on milk composition.

It is also imperative to incorporate evolutionary considerations into longer-term breeding plans. Host genetics can determine the incidence and severity of disease, and pathogen genetics may influence the host genetic structure. As an example, the so-called 'conventional wisdom' evolutionary model predicts that interaction between parasite and host is in the direction of mutualism (reviewed in [START_REF] Levin | Short-sighted evolution and the virulence of pathogenic microorganisms[END_REF]. Such evolutionary models can be used to suggest measures to A c c e p t e d M a n u s c r i p t 15 control mastitis (Dieckmann et al., 2002). Assuming that genetically related cows share genes conferring resistance to mastitis, a genetic-epidemiologic model was proposed to determine the genetic contribution to the spread of S. aureus mastitis among heifers [START_REF] Detilleux | Genetic management of infectious diseases: a heterogeneous epidemio-genetic model illustrated with S. aureus mastitis[END_REF]. Using data from [START_REF] Lam | Mathematical modeling to estimate efficacy of postmilking teat disinfection in split-udder trials of dairy cows[END_REF] and [START_REF] Zadoks | Cow-and quarter-level risk factors for Streptococcus uberis and Staphylococcus aureus mastitis[END_REF] on S. aureus infected heifers, it was shown that the reproductive number (R 0 ), i.e., the average number of new infective quarters produced by one infective quarter during the mean infective period, increased from 1.7 to 3.6 in herds with a low and high proportion of related individuals, respectively (herds otherwise identical).

In the long term, selection for higher MHC polymorphism may be advantageous to protect cows given the genetic heterogeneity among mastitis pathogens. In support of this, Park et al. ( 2004) have observed higher frequency of haplotypes with a single set of DQ genes than haplotypes with two sets of DQ genes among cows with more frequent treatment against S. aureus mastitis. This lead them to hypothesize that cows expressing a wider range of distinct DQ alleles are more resistant to mastitis.

Selection for improved resistance to mastitis may be costly. Furthermore, selection may lead to diminishing productivity. Many studies have shown that unfavorable genetic correlations exist between resistance to mastitis and milk production traits in cattle. More specifically, [START_REF] Banos | Genetic relationship between firstlactation body energy and later-life udder health in dairy cattle[END_REF] observed negative effects of body energy traits on subsequent SCC in heifers, but no effect on subsequent occurrence of CM. [START_REF] Ouweltjes | Effects of management and genetics on udder health and milk composition in dairy cows[END_REF] did not observe any interaction between ration (energy level) and genetic merit effect on the presence of pathogens or SCC in heifers, with the exception of bacteriological cultures showing Staphylococcus or Streptococcus species. The argument has been made that animals may have a limited amount of resources to allocate to disease resistance or productivity. According to this argument, if we increase an animal's ability to resist disease, its resources for productivity or performance may decrease. In addition, it has been suggested that genes for increased resistance may be pleiotropic, i.e. they made code for more than one trait. For example, a pleiotropic gene could code for increased resistance and decreased productivity, or vice versa. Others oppose the idea of competing resources, and the idea that resistance genes could influence both productivity and resistance. In contrast, they propose that once A c c e p t e d M a n u s c r i p t 16 specific genes for resistance are defined, targeted selection to increase their frequency, e.g. by identifying heifers carrying the gene of interest, will not impinge on productivity traits.

Conclusions

Sufficient evidence exists that genetic factors underlie resistance or susceptibility to mastitis in dairy heifers. Therefore, selection based on breeding values for quantitative traits, e.g. SCS or EC, or selection based on candidate genes, e.g. QTL or MHC, in conjunction with nongenetic methods of herd health management, e.g. vaccination, will reduce the frequency of mastitis.

To evaluate the implications of a breeding strategy comprehensively and to ensure durable results, the evolutionary impact of the interaction between the host and its pathogens need to be investigated.

Another key issue for the future will be to integrate '-omic' resources and technologies to extract the maximum of disease-relevant information. The genetic basis for resistance and susceptibility should not only be dissected by studying components of the genetic network individually but by studying the network as a whole. 
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  1997) found that DRB3.2*16 was significantly associated with higher SCS while Starkenburg et al. (1997) and Sharif et al. (1998) demonstrated an association with lower SCS. In heifers,

  observed Gram-negative bacterial lipopolysaccharide (LPS) and Gram-positive bacterial lipoteichoic acid (LTA) substantially up-regulated expression and secretion of serum amyloid A3 (SAA3) promoter in bovine mammary epithelial cells. Swanson et al. (2004) observed expression of the beta-defensin (lingual antimicrobial peptide) in bovine mammary epithelial tissue is induced by naturally occurring mastitis, and Pareek et al. (2005) observed the expression of genes RANTES/CCL5, IL-6 and T-PA, 6 h after LPS challenge. Microarray analyses also lead to the discovery of a gene at the crossroads of neuronal development and innate immunity. Sugimoto et al. (2006) found heifers with high SCC have a threebase insertion in a glycine-coding stretch of the forebrain embryonic zinc finger-like gene (FEZL, mapped on BTA22), a transcription factor with a role in neuronal development. They suggested A c c e p t e d M a n u s c r i p t 14 mastitis enhances FEZL, FEZL promotes the axon-attracting molecule semaphorin 5A (SEMA5A), and SEMA5A induces TNF-and IL-8 expression.

  showed cows with low expected breeding values for SCS tended to have neutrophils that had greater functional ability around calving, low serum IgG 1 ,

and high numbers of circulating mononuclear cells. Unfortunately, results are variable depending
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