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Animal breeders have used selection strategies to increase production in livestock species since 
the late eighteenth century.  These selection strategies, including progeny testing, are time 
consuming and expensive, but have contributed to enormous production gains in the major 
livestock species.  For example, in the period from 1991-2000, the amount of milk produced per 
cow in the United States increased 21% (http://www.usda.gov/nass/aggraphs/milk1.htm, Figure 
1).  However, this gain in milk production has come at a cost, with increased incidence of disease 
and infertility.  It is estimated that mastitis costs dairy producers $2 billion, milk fever $216 
million, and ketosis $48 million each year.  Infertility is the primary cause of involuntary culling 
in dairy herds today (Bascom and Young, 1998) and reports indicate that disease incidence and 
reduced fertility are becoming more and more common as milk production continues to increase. 

14,600

15,100

15,600

16,100

16,600

17,100

17,600

18,100

18,600

'91 '92 '93 '94 '95 '96 '97 '98 '99 '00

Year

M
ilk

 (l
b/

co
w

)

Figure 1.  Milk per cow from 1991 to 2000 (USDA-NASS, 2/16/01). 

Traditional selection methods have been effective in improving milk production in dairy cattle 
without DNA marker information, but the same is not true for lowly heritable traits, including 
health and reproduction.  In the late 1980s and early 1990s, several groups (i.e., Oddgeirsson et 
al., 1988; Weigel et al., 1990) selected genes encoding the bovine major histocompatibility 
complex (MHC) as candidate genes affecting mastitis, due to the MHC’s role in immune 
response.  A large number of studies were conducted, looking at Class I and II alleles and their 
associations with different mastitis traits, including incidence of clinical mastitis, somatic cell 
counts, and antibody response to experimental challenges.  Review of all these studies (Rupp and 
Boichard, 2003) found that many alleles were associated with either susceptibility or resistance 
to mastitis but many reports were inconsistent.  The inconsistencies could arise for several 
reasons; different pathogens may have been present during the different studies, or, more likely, 
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the polymorphisms were not the causal mutations but were linked to other genes involved in 
resistance, giving different results in each family (Rupp and Boichard, 2003). 

Figure 2.  Selection for milk yield over time (C. VanTassell, USDA-ARS, AIPL). 

During the mid 1990s, cattle linkage maps were developed (Bishop et al., 1994; Barendse et al., 
1994; Ma et al., 1996; Barendse et al., 1997; Kappes et al., 1997), providing large numbers of 
DNA markers to the research community.  Once the maps were developed, the bovine genome 
could be scanned in search of chromosomal regions that affected traits of economic interest.  
These regions are referred to as quantitative trait loci, or QTL. 

The first genome scans conducted in either beef (Keele et al., 1999) or dairy (Georges et al., 
1995) cattle focused on production traits, because phenotypic data was readily available for these 
quantitative traits.  For dairy cattle in the U.S., little reproductive or disease data is routinely 
collected and made available to the USDA’s Animal Improvement Programs Laboratory (AIPL), 
which calculates most of the genetic evaluations for the dairy industry.  In many European 
countries, reproduction and disease phenotypic data are available, making studies to identify 
QTL affecting these traits possible (Schrooten et al., 2000; Klungland et al., 2001; Larsson and 
Andersson-Eklund, 2002). 

In 1994, AIPL began providing evaluations for somatic cell score (SCS), which was the first 
disease-related trait reported by the group.  Although it is an indirect measure, the number of 
somatic cells in milk is correlated with the incidence of mastitis (Coffey et al., 1986).  
Researchers from the Gene Evaluation and Mapping Laboratory (GEML) at USDA’s 
Agricultural Research Service started a search for QTL affecting mastitis using these new SCS 
evaluations.  For this study, they selected seven Holstein grandsire families from the Dairy Bull 
DNA Repository (DBDR; Da et al., 1994).  This collection, initiated by Harris Lewin (University 
of Illinois) in collaboration with many U.S. artificial insemination companies, was a resource 
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population that could be used for QTL mapping studies.  Initially, bovine chromosome 23 
(BTA23) was targeted because it contains the MHC loci.  Selected individuals from the seven 
families were genotyped at many DNA markers on this chromosome in order to identify QTL 
affecting mastitis, as measured by somatic cell score.  Results of this initial study found only one 
DNA marker on BTA23 that was potentially associated with SCS (Ashwell et al., 1996). 

Figure 3.  Selection for somatic cell score over time. 

However, with the advent of high-throughput instruments, including automated DNA sequencers 
and high-capacity PCR thermal cyclers, the project was expanded to include the study of eight 
DBDR families at DNA markers located on all bovine chromosomes.  The GEML group selected 
approximately 150 DNA markers that were genotyped in the eight families.  At the same time, 
the group at the University of Illinois was evaluating some of the same families at approximately 
170 different DNA markers.  Each group identified QTL affecting milk production, somatic cell 
score and productive life traits and reported their results independently (Heyen et al., 1999; 
Ashwell et al., 2001).  Last year these two genotypic datasets were merged and a more 
comprehensive analysis was completed.  Seven chromosomes (BTA5, 7, 15, 20, 23, 26 and 29) 
showed evidence of putative QTL affecting somatic cell score in these Holstein families 
(Ashwell et al., in press).  Further study to refine the location of these QTL will be needed before 
the information can be incorporated into a selection program. 

The same set of data was used to detect QTL affecting conformation traits and daughter 
pregnancy rate.  Identification of QTL for conformation traits was initiated because these traits 
are genetically correlated with milk production, resistance to disease and fertility (Rogers et al., 
1999).  Using the same merged genotypic dataset and phenotypic data provided by the Holstein 
Association USA (Brattleboro, VT), fifteen chromosomes were identified as carrying putative 
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QTL affecting the linear conformation traits, including feet and leg score, several udder traits, 
and dairy form (unpublished data). 

Dairy form is a conformation trait based on the “dairyness” of a cow, including evaluation of the 
animal’s body condition.  It has a moderate heritability and is correlated with milk production 
(Misztal et al., 1995).  Therefore, as milk production continues to increase the cows appear to 
have less fat on their bodies.  Rogers et al. (1999) reported that higher phenotypic values for the 

dairy form trait were genetically correlated with increased incidence of metabolic diseases.  
Therefore, identification of DNA markers that could be used to select for lower phenotypic 
values for dairy form should lead to dairy cattle that are more metabolically balanced, reducing 
the incidence of many diseases, including ketosis and milk fever. 
Figure 4.  Maps of chromosomes 23 and 27 (Source: ARKdb http://www.thearkdb.org). 

GEML researchers began a project to fine-map putative QTL affecting dairy form on BTA27.  
This project has involved evaluation of additional DNA markers in the DBDR families found to 
be segregating for the QTL (Van Tassell et al., in press).  This work required expanding the 
pedigrees to include more recent generations of the original DBDR families.  Inclusion of a more 
complex pedigree structure provides greater power to detect and pinpoint the location of the gene 
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or genes responsible for the observed effects.  Several positional candidate genes have been 
identified using comparative mapping data from the human genome sequence.  These candidate 
genes are currently being evaluated for polymorphisms in the coding sequences that may explain 
the observed differences. 

As mentioned, the same data were analyzed to identify putative QTL affecting fertility, defined 
by AIPL researchers as the daughter pregnancy rate (DPR; VanRaden and Tooker, 2003; 
VanRaden et al., 2003).  This trait is defined as the percentage of non-pregnant cows that 
become pregnant during each 21-day period.  The DPR is related to days open, with a 1% 
increase in DPR equaling four fewer days open 
(http://www.aipl.arsusda.gov/reference/fertility/dpr.htm).  Six chromosomes (BTA6, 14, 16, 18, 
27, 28) were found to carry DPR QTL (Ashwell et al., in press).  Four chromosomes are already 
known to harbor QTL affecting non-return rate (Kühn et al., 2003), milk fat content (Grisart et 
al., 2002) and dairy form (Ashwell et al., 2001).  

One of these chromosomes is BTA27, which carries QTL affecting the dairy form conformation 
trait.  The same region of BTA27 seems to contain QTL affecting dairy form (Van Tassell et al., 
in press), marbling in beef cattle (Casas et al., 2002) and fertility (Ashwell et al., in press).  
Therefore, results suggest at least one gene affecting fat metabolism is located on this 
chromosome that may also affect fertility.  Rogers et al. (1999) studied the genetic correlations 
between type traits and three groups of diseases: reproductive, foot and leg, and metabolic and 
digestive diseases.  Results from this study showed that the genetic correlation between dairy 
form and the three disease categories were negative and moderate in magnitude.  Metabolic 
disorders (such as milk fever and ketosis) are indicators of negative energy balance (Rogers et 
al., 1999), which is known to affect reproductive performance (de Vries and Veerkamp, 2000).  
Therefore, selection for increased dairy form may lead to cows that are more prone to 
reproductive and metabolic diseases (Rogers et al., 1999). 

One can speculate that identification of the genes underlying the pregnancy rate QTL may 
actually be genes affecting body condition and the metabolic state of dairy animals.  In several 
cases there are effects on milk production traits in regions where putative pregnancy rate and 
disease resistance QTL have been detected, so it may be difficult to improve these traits without 
sacrificing some milk production.  However, it may be more economically advantageous to 
sacrifice some gains in milk production in order to be able to breed healthier cows in a shorter 
period of time. 

Identification of broad QTL locations is just the first step in understanding the biology behind 
these economically important traits.  Identification of the genes responsible for the effects will 
involve comparisons across different populations, genotyping of complex, multi-generation 
families and more sophisticated analysis methods.  Application of functional genomics and 
proteomics methods can also be used to identify the genes and gene products responsible for the 
observed effects.  Such studies can be long and expensive, but they are needed so that dairy 
producers can overcome the financial impact of disease and infertility, improve animal well-
being and compete in today’s global marketplace. 

REFERENCES 
Ashwell, M.S., C.E. Rexroad, R.H. Miller, and P.M. VanRaden. 1996. Mapping economic trait 

loci for somatic cell score in Holstein cattle using microsatellite markers and selective 
genotyping. Anim. Genet. 27:235. 

http://www.aipl.arsusda.gov/reference/fertility/dpr.htm


Genetics of Pig Health Symposium 2003 

 24

Ashwell, M.S., C.P. Van Tassell, and T.S. Sonstegard. 2001. A genome scan to identify 
quantitative trait loci affecting economically important traits in a US Holstein population. J. 
Dairy Sci. 84:2535. 

Ashwell, M.S., D.W. Heyen, T.S. Sonstegard, C.P. Van Tassell, Y. Da, P.M. VanRaden, M. Ron, 
J.I. Weller, and H.A. Lewin. Detection of quantitative trait loci affecting milk production, 
health, and reproductive traits in Holstein cattle. J. Dairy Sci., in press. 

Barendse, W., S.M. Armitage, L.M. Kossarek, A. Shalom, B.W. Kirkpatrick, A.M. Ryan, D. 
Clayton, L. Li, H.L. Neibergs, N. Zhang, W.M. Grosse, J. Weiss, P. Creighton, F. McCarthy, 
M. Ron, A.J. Teale, R. Fries, R.A. McGraw, S.S. Moore, M. Georges, M. Soller, J.E. 
Womack, and D.J.S. Hetzel. 1994. A genetic linkage map of the bovine genome. Nat. Genet. 
6:227. 

Barendse, W., D. Vaiman, S.J. Kemp, Y. Sugimoto, S.M. Armitage, J.L. Williams, H.S. Sun, A. 
Eggen, M. Agaba, S.A. Aleyasin, M. Band, M.D. Bishop, J. Buitkamp, K. Byrne, F. Collins, 
L. Cooper, W. Coppieters, B. Denys, R.D. Drinkwater, K. Easterday, C. Elduque, S. Ennis, 
G. Erhardt, L. Ferretti, N. Flavin, Q. Gao, M. Georges, R. Gurung, B. Harlizius, G. Hawkins, 
J. Hetzel, T. Hirano, D. Hulme, C. Jorgensen, M. Kessler, B.W. Kirkpatrick, B. Konfortov, S. 
Kostia, C. Kuhn, J.A. Lenstra, H. Leveziel, H.A. Lewin, B. Leyhe, L. Lil, I.M. Buriel, R.A. 
McGraw, R.J. Miller, D.E. Moody, S.S. Moore, S. Nakane, I.J. Nijman, I. Olsaker, D. Pomp, 
A. Rando, M. Ron, A. Shalom, A.J. Teale, U. Thieven, B.G.D. Urquhart, D.I. Vage, A. Van 
de Weghe, S. Varvio, R. Velmala, J. Vilkki, R. Weikard, C. Woodside, J.E. Womack, M. 
Zanotti, and P. Zaragoza. 1997. A medium density genetic linkage map of the bovine 
genome. Mamm. Genome 8:21. 

Bascom, S.S. and A.J. Young. 1998. A summary of the reasons why farmers cull cows. J. Dairy 
Sci. 81:2299. 

Bishop, M.D., S.M. Kappes, J.W. Keele, R.W. Stone, S.L.F. Sunden, G.A. Hawkins, S.S. Toldo, 
R. Fries, M.D. Grosz, J. Yoo, and C. W. Beattie. 1994. A genetic linkage map for cattle. 
Genetics 136:619. 

Casas, E., S.D. Shackelford, J.W. Keele, R.T. Stone, S.M. Kappes, and M. Koohmaraie. 2000. 
Quantitative trait loci affecting growth and carcass composition of cattle segregating 
alternate forms of myostatin. J. Anim. Sci. 78:560. 

Coffey, E.M., W.E. Vinson, and R.E. Pearson. 1986. Potential of somatic cell concentration in 
milk as a sire selection criterion to reduce mastitis in dairy cattle. J. Dairy Sci. 69: 2163. 

Da, Y., M. Ron, A. Yanai, M. Band, R.E. Everts, D.W. Heyen, J.I. Weller, G.R. Wiggans, and 
H.A. Lewin. 1994. The dairy bull DNA repository: A resource for mapping quantitative trait 
loci. Proc. 5th World Congr. Genet. Appl. Livest. Prod., Guelph, ON, Canada 21:229. 

de Vries, M.J. and R.F. Veerkamp. 2000. Energy balance of dairy cattle in relation to milk 
production variables and fertility. J. Dairy Sci. 83:62. 

Georges, M., D. Nielsen, M. Mackinnon, A. Mishra, R. Okimoto, A.T. Pasquino, L.S. Sargeant, 
A. Sorensen, R.R. Steele, X. Zhao, J.E. Womack, and I. Hoeschele. 1995. Mapping 
quantitative trait loci controlling milk production in dairy cattle by exploiting progeny 
testing. Genetics 139:907. 



Genetics of Pig Health Symposium 2003 

 25

Grisart, B., W. Coppieters, F. Farnir, L. Karim, C. Ford, P. Berzi, N. Cambisano, M. Mni, S. 
Reid, P. Simon, R. Spelman, M. Georges, and R. Snell. 2002. Positional candidate cloning of 
a QTL in dairy cattle: Identification of a missense mutation in the bovine DGAT1 gene with 
major effect on milk yield and composition. Genome Research 12:222. 

Heyen, D.W., J.I. Weller, M. Ron, M. Band, J.E. Beever, E. Feldmesser, Y. Da, G.R. Wiggans, 
P.M. VanRaden, and H.A. Lewin. 1999. A genome scan for QTL influencing milk 
production and health traits in dairy cattle. Physiol. Genomics 1:165. 

Kappes, S.M., J.W. Keele, R.T. Stone, R.A. McGraw, T.S. Sonstegard, T.P. Smith, N.L. Lopez-
Corrales, and C.W. Beattie. 1997. A second-generation linkage map of the bovine genome. 
Genome Res. 7:235. 

Keele, J.W., S.D. Shackelford, S.M. Kappes, M. Koohmaraie ,and R.T. Stone. 1999. A region of 
bovine chromosome 15 influences beef longissimus tenderness in steers. J. Anim. Sci. 
77:1364. 

Klungland, H., A. Sabry, B. Heringstad, H.G. Olsen, L. Gomez-Raya, D.I. Våge, I. Olsaker, J. 
Ødegard, G. Klemetsdal, N. Schulman, J. Vilkki, J. Ruane, M. Aasland, K. Rønningen, and 
S. Lien. 2001. Quantitative trait loci affecting clinical mastitis and somatic cell count in dairy 
cattle. Mamm. Genome 12:837. 

Kühn, Ch., J. Bennewitz, N. Reinsch, N. Xu, H. Thomsen, C. Looft, G.A. Brockmann, M. 
Schwerin, C. Weimann, S. Hiendleder, G. Erhardt, I. Medjugorac, M. Förster, B. Brenig, F. 
Reinhardt, R. Reents, I. Russ, G. Averdunk, J. Blümel, and E. Kalm. 2003. Quantitative trait 
loci mapping of functional traits in the German Holstein cattle population. J. Dairy Sci. 
86:360. 

Larsson, M. and L. Andersson-Eklund. 2002. QTL affecting reproduction traits in Swedish dairy 
cattle. Proc. 7th World Congr. Genet. Appl. Livest. Prod., Montpellier, France 
Communication #8-5. 

Ma, R.Z., J.E. Beever, Y. Da, C.A. Green, I. Russ, C. Park, D.W. Heyen, R.E. Everts, S.R. 
Fisher, K.M. Overton, A.J. Teale, S.J. Kemp, H.C. Hines, G. Guerin, and H.A. Lewin. 1996. 
A male linkage map of the cattle (Bos taurus) genome. J. Hered. 87:267. 

Misztal, I., K.A. Weigel, and T.J. Lawlor. 1995. Approximation of estimates of (co)variance 
components with multiple-trait restricted maximum likelihood by multiple diagonalization 
for more than one random effect. J. Dairy Sci. 78:1862. 

Oddgeirsson, O., S.P. Simpson, A. L.G. Morgan, D.S. Ross, and R.L. Spooner. 1988. 
Relationship between the bovine major histocompatibility complex (BoLA), erythrocyte 
markers, and susceptibility to mastitis in Icelandic cattle. Anim. Genet. 19:11. 

Pryce, J.E., M.P. Coffey, S.H. Brotherstone, and J.A. Woolliams. 2002. Genetic relationships 
between calving interval and body condition score conditional on milk yield. J. Dairy Sci. 
85:1590. 

Rogers, G.W., G. Banos, and U. Sander-Nielsen. 1999. Genetic correlations among protein yield, 
productive life, and type traits from the United States and diseases other than mastitis from 
Denmark and Sweden. J. Dairy Sci. 82:1331. 



Genetics of Pig Health Symposium 2003 

 26

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

Schrooten, C., H. Bovenhuis, W. Coppieters, and J.A.M. Van Arendonk. 2000. Whole genome 
scan to detect quantitative trait loci for conformation and functional traits in dairy cattle. J. 
Dairy Sci. 83:795. 

VanRaden, P.M. and M.E. Tooker. 2003. Definition of traits and comparison of models for 
genetic evaluation of cow fertility. J. Dairy Sci. 86 (Suppl. 1):131. 

VanRaden, P.M., M.E. Tooker, A.H. Sanders, and G.R. Wiggans. 2003. Quality of data included 
in genetic evaluations for daughter pregnancy rate. J. Dairy Sci. 86 (Suppl. 1):132. 

Van Tassell, C.P., T.S. Sonstegard, and M.S. Ashwell. Mapping quantitative trait loci affecting 
dairy form to chromosome 27 in two Holstein grandsire families. J. Dairy Sci., in press. 

Weigel, K.A., A.E. Freeman, M.E. Kehrli, M.J. Stear, and D.H.  Kelley. 1990. Association of 
class I bovine lymphocyte antigen complex alleles with health and production traits in dairy 
cattle.  J. Dairy Sci. 73:2538. 



Genetic Approaches to Improving 
Health and Reproduction in Cattle

Melissa Ashwell
North Carolina State University
Department of Animal Science

Source: http://www.usda.gov/ nass/aggraphs /milk1.htm

Progress due to traditional selectionProgress due to traditional selection

Costs to dairy producersCosts to dairy producers

Milk production

Infertility:
Mastitis: $2 billion
Milk fever: $216 million
Ketosis: $48 million

Cost of diseases:
More days open
More inseminations
Involuntary culling

Intense selection for milk yield Intense selection for milk yield 
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Genetic trend for somatic cell scoreGenetic trend for somatic cell score MHC Class I allelesMHC Class I alleles
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A14:
Weigel et al., 1990:

CA mastitis test score

Clinical mastitis

A12:

A21:
A26:

Aarestrup et al., 1995:
A11:

Somatic cell count

Somatic cell count

Mejdell et al., 1994:
A2: Clinical mastitis

A7: Clinical mastitis

A26: Somatic cell count

Summary:

•Many alleles associated with 
susceptibility or resistance to 
mastitis

•Based on at least 2 
independent studies:

•A11: resistance
•A26: susceptibility
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MHC Class II DRB3 allelesMHC Class II DRB3 alleles

DRB3.2*24:
Intra mammary infections

Clinical mastitis

Somatic cell count

DRB3.2*16:
Somatic cell count

DRB3.2*8:
Clinical mastitis

Summary:

•Allele 24 consistently 
associated with 
susceptibility to mastitis

•All other alleles—
contradictory findings 
across 5 studies

Development of linkage mapsDevelopment of linkage maps

•As of 2001--2725 loci in 
database

•More than 1500 were 
microsatellite markers

Source:
ARKdb (http://www.thearkdb.org)

What is a QTL??What is a QTL??

??Quantitative trait locus (loci):Quantitative trait locus (loci):
??a chromosomal location carrying a a chromosomal location carrying a 

gene or genes that varies among gene or genes that varies among 
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?? those variations cause differences in those variations cause differences in 
economically important traits, economically important traits, e.ge.g. . 
disease resistance, reproductiondisease resistance, reproduction

How do you find How do you find QTLsQTLs??

Scan the genomeScan the genome——look for associations look for associations 
between anonymous markers and traits in between anonymous markers and traits in 
a specific populationa specific population

Select “obvious” candidate genesSelect “obvious” candidate genes ——look look 
for variation and association with trait in a for variation and association with trait in a 
specific populationspecific population

Granddaughter DesignGranddaughter Design

Bull

Sons

Granddaughters

DNA

Scanning the bovine genomeScanning the bovine genome

?? Ten large US Holstein familiesTen large US Holstein families——granddaughter granddaughter 
designdesign

?? 367 DNA markers located throughout genome367 DNA markers located throughout genome

?? Identified significant markerIdentified significant marker--trait associations trait associations 
(putative QTL)(putative QTL)
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Phenotypic traitsPhenotypic traits
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Complex pedigree for fineComplex pedigree for fine--mappingmapping

Six generation pedigree used to fine-map BTA27 QTL
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Daughter pregnancy rateDaughter pregnancy rate

DPR: percentage of non-pregnant cows that become pregnant 
during each 21-day cycle

Chromosomes carrying putative DPR QTL:
6, 14, 16, 18, 27, 28

1% DPR Days open by 4 days
DPR QTL in family 9
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Dairy form QTL in family 8

Bovine chromosome 27 QTLBovine chromosome 27 QTL

Marbling QTL in beef cattle
Casas et al., 2000

Is there a “fat” gene 
affecting fertility??

FindingsFindings
Rogers et al. (1999) calculated genetic correlations between 
type traits and 3 groups of diseases: 

•Reproductive
•Foot and leg
•Metabolic and digestive diseases

Correlations negative and moderate in magnitude

Milk fever
Ketosis

Energy balance
Reproduction

Ability to resist disease

ConclusionsConclusions
•Several chromosomes with pregnancy rate and SCS QTL also 
have production QTL

•Genes underlying these important traits may affect body 
condition and metabolic state of dairy animals

•May be difficult to improve these traits without sacrificing 
some production

•May be advantageous to sacrifice some production to breed 
healthier cows in shorter time
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Extremely Dairy Extremely Dairy Extremely Coarse Extremely Coarse 

Dairy FormDairy Form

Days open
Disease incidence
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