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CHAPTER I 

INTRODUCTION 

Animal Breeding has changed immensely over the past y,ears because of the recent 

advancements in molecular biology techniques. The main goal to producers has remained 

the same even though the t,echnology has changed, to identify animals with desirable genes 

and increase the population frequency of those genes. Currently, research conducted in 

hopes of improving livestock is incorporating quantitative and molecular genetic 

techniques. DNA molecular markers are being used in an attempt to locate quantitative 

trait loci (QTL) that control economicaUy important traits .. Once QTL are locatedf the 

producer will be able to use phenotypic as well as genotypic data in a marker assisted 

selection program.. 

Knowledge gained about the genetic mechanisms causing the variation observed in 

body composition and growth rate between animals is very beneficial. This would allow 

the livestock industry to produce a more appealing animal for the consumer. In addition, 

the producer would be able to raise livestock in a more efficient manner, resulting in a 

more profitable enterprise. The overproduction of fat in livestock is widely prevalent and 

has serious consequences for the industry. Health conscious consumers will continue to 

reduce the amount of red meat and poultry purchased. There will be an increase in labor 
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and proc'essing costs for the meat packers. Inevitably, animals will cost more to produce 

because of the relative inefficiency offat growth compared with lean growth. 

Neverthel,ess, the problem of excess fat is ,of primary concern for humans since obesity is 

considered to be a risk fa,ctor in the development of cardiovascular disease. diabetes, 

hypertension, and cancer. 

These problems may be avoided by identifying the chromosomal location of the 

genes that control body weight and fat percentage. Researchers win be able to accomplish 

this because of the growing infonnation about the genome maps for mice, humans, cattle, 

swine, sheep, and poultry. Due to comparative mapping, research can be conducted in 

model specimens that are cost effective, easy to maintain, and reproduce quickly and then 

the data can be transferred to other organisms. 

An initial experiment at Oklahoma State University (OSU) looked at identifying 

QTL that play significant roles in the control and regulation of body composition and 

growth in mice (pomp et at, 1994). An initial cross between lines M16i (based on 27 

generations of selection for increased postweaning gain (Hanr.ahan et al, 1973) followed 

by 15 generations of inbreeding) and CASTlEi (an inbred line of wild origin (Mus 

musculus castaneus) denoted as CAST) produced an F 1 which was backcrossed to M16i. 

A large population (n=424) was created to determine linkage between DNA marker loci 

and QTL affecting 12 week adult body weight (WK12) and gonadal fat pad weightIWK12 

(GOFP). A whole genome screening procedure was utilized with three evenly-spaced 

microsate1lite markers for each of the 19 murine autosomes. 
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Based on the results obtained from least-squares procedures by Pomp et aI. 

(1994), evidence for a region harboring a QTL, with very large effects, was observed on 

distal chmmosome 2, with differences of3.9 g \W,KJ2 (I()1'10 of the mean~ P<.OOOI) and 

0.31% GOFP (37% of the mean; P<.OOOl) between M16i1M16i and M16iJCAST 

backcross mice. In addition to chromosome 2, a QTL .appeared on chromosome 15 with 

deviations between the homozygous and heterozygous genotypes of 1.9 g WK12 (5% of 

the mean;. P<.OOO]) and 0.13% GOFP (16% of the mean; P=.0017). The indication of 

possible QTL associat,ed with body weight and fat percentage on these chromosomes 

formed the foundation of this experimental study. 

The primary objective of this research project was to pinpoint the chromosomal 

location of the previously mentioned QTL for body weight and fat percentage on 

chromosomes 2 and 15 in the mouse. This was achieved by statistically analyzing any 

significant correlations between an individual's phenotype and genotype in this specially 

designed segregating population. Markers or genes will be identified which have an 

influence on body compositional traits, such as 12 week adult body weight and gonadal fat 

pad weight. A second objective was the development of primers for peR amplification of 

candidate genes, followed by the mapping of these genes in our population. A final goal 

was to compare simplified statistical analyses using least-squares procedures with the 

more complicated composite interval mapping method (Zeng, 1994). 

Accomplishment of these researcb goals will help in the understanding of the 

mechanisms involved in growth and obesity, along with the identification .of superior 

animals with favorable ch.aracteristics. Any genes or markers found to be linked to growth 
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or obesity in this research project could be used in comparative gene mapping strategies. 

Identified QTL in mice may expose candidate chromosomal regions harboring 

homo.ogous QTL in livestock species and humans. Our present knowledge of QTL 

mapping may also be enhanced with simpler statistical analyses for QTL placement. 
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CHAPTER II 

LITERATURE REVffiW 

Introduction 

Over the years,. progressive advancements for specific select,ed-traits, such as body 

weight and lean carcasses in livestock, have been very time consuming because these 

processes depend on designated matings between selected dams and sires to bring 

together favorable alleles.. For instance, without biotechnology Lasslo et a1. (1985), 

practiced 16 years of selection for 120-day weight in Targhe,e sheep to yield an IS.llb 

(23% of the mean) increase. Also, a decrease in backfat thickness of2 .. 6 cm (68% of the 

initial mean) in Duroc swine required 10 generations of selection (Hetzer and Harvey, 

1967). However, if genes affecting growth and obesity were identified, the selection for a 

more desirable product could be achieved much quicker. This can be accomplished by 

IIlsing a process of making selection decisions based on an animal's phenotypic and 

genotypic information (rnar~er assisted selection). Maker assisted selection should 

accelerate genetic gain by increasing selection accuracy, reducing generation intervaJ, and 

increasing selection differentials. This will be advantageous to the producer by reducing 

production costs. 
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Backfat thickness and 120-day weight, along with nearly aU economically 

important traits in livestock, are polygenic or quantitative in nature in that phenotypes are 

influenced by a number of different genes. Quantitative trait loci (QTL) are those loci 

with relatively small effects on phenotype. Falconer (1965) described quantitative traits as 

having continuous measurements. Examples are average daily gain, fat thickness, and 

body weight. The polygenic model of inheritance assumes an animal's breeding value is 

the sum of small, additive effects of many genes (Hoeschele, 1988). Innovations in 

quantitative and molecular genetics, which are now at the forefront of science, have 

allowed a detailed study of the genetic basis of quantitative traits. In the future, detailed 

genetic maps wiu allow desirable genes affecting economically important traits to be 

isolated, multiplied, and transferred into the gennline of the same or different species. 

Thus, significant amounts of genetic improvement can occur in fewer generations 

compared to traditional se},ection methods. 

Use of Mice as Animal and Human Models 

If given sufficient ti.me, funding, and facilities, animal breeders could do research 

exclusively with the class of livestock in which genetic improvement is desired. However, 

this approach is ineffecient when answers can be obtained from research with cheaper, 

more rapidly reproducing organisms. This is possible because of the common base 

between physiology and genetic principles in different sp,ecies and statistics available for 

quantitative estimat,es of biological parameters. Chapman (1961) explained the value of 
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laboratory animals in breeding research as checking theoretical prediction against outcome 

and development of further theory and research tools. The coefficients of inbreeding and 

rela.tionship were developed by Wright (1922) from crosses in guinea pigs. The 

effectiveness of different methods and intensities of selection in producing genetic 

improvement were studied in laboratory animals and later applied to liv;estock.. A few 

examples include selection for body size, lactation, and litter size in mice (Falconer, 1955), 

13-week individual body weight in the rat (Craig and Chapman, 1953), and trait 

relationships opposite to those predicted by genetic correlation in mice (Cochrem, 1959). 

Of all laboratory mammals, the mouse has probably contributed the most to the 

advancement of experimental genetic research inammal breeding. This is due primarily to 

its short gestation period, large litter sizes, ease of maintenance,convenient size, the 

ability to control matings, and the availability of inbred strains. Also, the recent progress 

in molecular genetics has caused the rapid development of comparative maps between 

mice, humans, sheep, cattle, and pigs (O'Brien et aL, 1993). This allows for the detection 

of genes in other species once the gene or area of interest has been mapped in the mouse, 

bas,ed on homology. The annual use of 50 million mice worldwide affirms the importance 

of the mouse in genetic analysis (Foster et a1., 1981). 

Inbred strains of mice have been model systems for research for well over a half of 

a century (Fe:sting, 1979). The advantage of using inbred mice, compared to mice of 

unknown genetic composition, is that individuals of the same inbred strain are genetically 

identical. Therefore, the one important variable in a study is under control of the 

experiment'er. Inbreeding is the mating of individuals which are related to one another by 
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having one or more common ancestors. This can be quantified in tenns of the coefficient 

of inbreeding (F), which is the probability that two genes at any locus are identical by 

descent (Falconer, 1989). The degree of inbreeding depends on the degree of relationship 

between the individuals. With mammals, the closest relationship possible is full brotber x 

sister (full-sib) mating. According to the 1952 Committee on Standardized Genetic 

Nomenclature for Mice, a strain is suffidently inbred for use in research projects after 20 

generations offuU-sib mating whenF=98.6% (Festing, 1979). 

A final reason the mouse is an ideal model organism for animal breeding 

experiments is the presence of specially designed selection lines. Nonreplicated selection 

studies may receive biased results from genetic drift (Eisen, 1992). The use of replicated 

selection lines in livestock is not feasible mainly because of the high production costs. 

Eisen (1989) reviewed several mice selection experiments for body compositional traits 

which have been conducted: 12-day litter weight (Eisen et aI., 1970),3 to 6-week 

postweaning gain (Hanrahan et a1., 1973), 6-week body weight (Falconer, 1973), 12-week 

hind-carcass weight/body weight (Eisen, 1987), 12-week hind-leg muscle weight 

(McLellan and Frahm, 1973), to-week body weight (Sharp et at, 1984), 12-week 

epididymal fat pad weightlbody weight (Eisen, 1987), and 1 Q-week epididymal fat pad 

weightlhody weight (Sharp et at, 1984). These and other replicat1ed selection index 

exp,eriments provide valuable lines for studying the genetic mechanisms controlling energy 

utilization and maintenance requirements. 

In addition to the mouse being a beneficial model for livestock improvement, the 

mouse is used for human disease, immunological, drug abuse, alcohol abuse, and 
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behavioral studies. Cancer research demonstrated that the incidence of tumors varied 

among different families of mice (Morse, 1978). T-cell leukemias or lymphomas are 

present in nearly 100010 of several useful mice strains (Lilly, 1978). Congenic lines are 

available for 35 minor histocompatibility 10cL(Graff, 1978). Genetic models for alcohol 

and drug abuse have been applied to th.e investigation of sensitivity to initial or adverse 

drug effects; neuroadaptation underlying chronic tolerance or sensitization, withdrawal, 

and dependence; and drug aversion (Crabbe ,et at., 1994a). 

Differences were noted among several inbred strains of mice in preferential 

drinking of alcohol (McCleam and R.odgers, 1959).. The following are some selection 

lines produced to aide in genetic studies: duration of righting reflex suppression by 

ethanol and a number ofbenzodiazepines, barbiturates, and gaseous anesthetics (McCleam 

et aI., 1981); sensitivity to morphine or morphine-like opioids (Moskowitz et at., 1985); 

sensitivity to nicotine (Marks et at, 1989); and sensitivity to ethanol, diazepam, 

phenobarbitol, and nitrous oxide withdrawal (Crabbe et aI., (985). Behavorial 

(eatinglhoarding food, drinking, food preferences, and fighting) differences between 

genetic stocks have also been studied extensively (Wimer and Fuller, 1975). 

Genetic Linkage Maps 

Mouse g,ene mapping began in the first part ofthis century, mainly based on the 

geneti,c linkage analysis of phenotypic variants. As a result. the knowledge initially gained 

in this area was slow. An early experiment discovered that two coat color mutations, 
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pink-eyed dilution and albino, were linked (Haldane et aI., 1915). The number of defined­

loci total·ed lIon five linkage groups by 1935,27 on 10 linkage groups by 1945, and 

greater than 400 by 1979 (Foster et aI., ,{ 981). The discovery of genes appears to be 

growing exponentially, with the total number oCloci growing to over 1300 by the end of 

1993 (Copeland et al., 1993). Currently, the total number of mapped loci is an amazing 

6132 (Mouse Genome Database; The Jackson Laboratory, 1995). 

The recent surge in gene mapping was due to the finding and mapping of DNA 

polymorphisms using recombinant DNA technique.s. Thoday (1961) used genetic markers 

on chromosomes to follow inheritance. Quantitative genetic difference.s in sternopleural 

chaeta number in Drosophila melanogaster were analyzed. This was accomplisbed by 

identifying individuals with a chromosome known to give a higher value for the trait than 

the homologous chromosome marked with recessive major genes. These individuals were 

test-crossed to a stock homozygous for the recessive major genes, producing a large 

population of recombinant chromosomes. Progeny-testing was utilized in the dassifiation 

of each into two or three recombinant classes, depending on the number ofloci. This 

research, as well as others at this time, was limited by the insufficiency of beneficial 

genetic markers. 

Associations between gene markers and QTL are made by examining progeny from 

parents heterozygous at both the marker and QTL (Soller, 1990). To be the most 

benefi,cial,. the initial populations need to be widely segregating for the QTL of interest. 

Minor variations in DNA sequences provide genetic markers which are inherited as simple 

Mendelian factors: one or more individual bases could differ to result in tile loss or 
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formation ora cleavage site, as well as the insertion or deletion of blocks of DNA within a 

fragment (Botstein et aI., 1980). The basic strategy, linkage analysis, allows for the 

inheritance of marKers to be fonowed, plotting their positions in relation to one another 

onto a chromosome (White and Lalouel, 1988). These markers were typed initially by 

restriction fragment length polymorpbisms (RFLP) on Southern DNA blots (Botstein et 

aI., 1980), and most recently by the polymerase chain reaction (pCR.; Saiki et al., 1988). 

The first method uses enzymes to deave DNA fragments which are resolved by agarose 

gel electrophoresis. Fragments containing specific sequences are detected by Southern 

blot hybridization with radioactive probes. 

The lattermethod employs simple sequence length polymorphism (SSLP) or 

micro satellite markers defined by PCR. These are DNA segments within the g,enome that 

possess a very short, simple sequence ofnucleotides, such as poly(G), poly(A), poly(TC), 

poly(CAC), poly(GATA), poly(CA), and poly(GT), which are densely interspersed within 

the eukaryotic genome (Beckmann and Soller, 1990). The human and mouse genomes 

contain at least 100,000 sequences with (CA)n repeats (Hamada let ai., 1982). These 

markers were initially typed by probing DNA restriction digests within radiolabeled 

repeats (Weber and May, 1989). However, recent techniques have allowed for the use of 

primers flanking the r,epeats to amplify a specific microsatellite by PCR, which is then run 

on agarose gels to determine size variations among various strains. 

A few microsateHit,es, mainly in the range of 9-30 repeat units, were first discovered 

by Weber and May (1'989) for use in human mapping. A total of 44 SSLP were first 

found for use in mouse mapping (Love et at .• 1990). An important break-through in 1992 



by Dietrich and his colleagues g:r;eady incfieased the number of useful markers (Dietrich et 

al., 199'2). A genetic linkage map of the mouse was constructed with 317 SSLP at an 

average spacing of 4.3 cM. These highly variable SSLP markers are extremely valuable 

for genome mapping because they are highly polymorphic, can be rapidly typed by PCR, 

and almost aU loci identified will differ among strains and populations. 

Another cause for the escalation in gene mapping was the development of new 

crosses. Gene assignments in the mouse depend on meiotic mapping which involves 

recombinationaI analysis. In the beginning, mouse rnatings relied on two-and three-point 

crosses between marked inbred strains or laboratory recombinant inbr,ed (RI) strains 

(Taylor, 1989). Problems with these approaches included the difficulty in finding allelic 

differences between different subspecies strains; and RI maintain loci which are closely 

linked. so the distances around known loci are usually small. By the mid-1980's, 

interspecific crosses were made between laboratory strains and a species of Mus to take 

advantage of innate diversity among wild species (Avner et ai., 1988). Many genes can be 

mapped from a single cross since most genes and DNA sequences are polymorphic in an 

interspecific cross. Many laboratories are mating the wild Mus musculus castaneus with a 

different subspedes of laboratory mouse because both sex,es are fertile in the FI and a very 

high degree of polymorphism is realized (Copeland et at., 1993). 

There have been numerous genetic linkage maps of the mouse genome ,compiled 

by various laboratories (Buchberg et al., 1989; Kingsley et at., 1989; Siracusa et al., 1990;. 

Bahary etal., 1991; Chapman, 1991). A map generated from more than 75 years of 

cumulative effort of researchers shows the chromosomal location of 965 loci, representing 
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phenotypic and biochemical variants, cloned genes, and polymorphic anonymous DNA 

markers (Davis.son and Roderick, 1989). The first comprehensive molecular genetic 

linkage map utilized an interspecitfic backcross between C57BU6J and Mus spretus, 

positioning more than 600 loci (Copeland and Jenkins, 1991). To accomplish this, the 

inheritance of cloned DNA probes were followed by Southern blot and RFLP analyses in 

the backcross progeny. 

Additional maps include the Whitehead InstitutelMassachusetts Institute of 

Technology Center for Genome Research (WI/MIT-CGR) SSLP map and the 1993 

Mouse Chromosome Committee Reports map (Copeland et al., 1993). The WIlMIT­

CGR map is a result of using nearly aU (CA)u repeat markers. The inheritance patterns 

were analyzed by the computer program MAPMAKER (Lander et al, 1987) in a 

(C57BL/6J-ob and CASTlEi)F2 intersubspecific cross. In 1993, this SSLP map contained 

over 2000 loci. As of 1994, the WI/MIT-CGR SSLP m.ap had grown to 4006 defined loci 

(Dietrich et aI., 1994). At the present time, this SSLP map represents an astonishing 6132 

defined loci (Mouse Genome Database; The Jackson Laboratory). The chromosome 

committee m.ap has loci mapped from many different cro.sses,. so the positions of many loci 

can only be inferred. 

Published murine maps provide known SSLP markers which can be used in the 

genetic analysis of crosses, and known genes which can suggest likely candidates for 

mutations, indicating correspondence to a genetic map of the human genome (Donis­

Keller et ai., 1987). This linkage map of the 23 human chromosomes is based on the 

pattern of inheritance of403 polymorphic loci from 21 three-generation families. 
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Comparative mapping between the mouse and human genomes identified 917 homologs 

(Copeland et ai., 1993). These loci mark 101 segments of,conserved linkage homology. 

Nadeau and Taylor (l984) defined 83 homologous loci, marking 13 conserved segments. 

Linkage conservation can be found between a region of mouse chromosome 2 and human 

chromosome 20, as well as mouse chromosome 11 and human chromosome 17. Through 

the use of conserved loci as reference points, linkage infonnation can be transferred across 

mammalian genomes (O'Brien et aI., 1993). This would benefit livestock species in which 

genetic maps are not weD-saturated with markers and loci. 

Until recently, the identification of genetic markers linked to QTL in livestock was 

limited because of poorly developed linkage maps. Now, genetic maps have been 

published for ovine (Crawford et aL, 1994), bovine (Barendse et 811, 1994; Bishop et ai., 

1994), porcine (Archibald et aI., 1995; Rohrer et aI., 1994), and poultry (Bumstead and 

Palyga, 1992). The ovine map, after typing large parental half-sib families, exhibits 19 

linkage groups containing 52 markers on 12 chromosomes. The linkage groups range in 

size from 2 markers showing no recombination to 6 markers covering about 30 cM of the 

sheep genome. The bovine map explained by Barendseet at. (1994) includes 201 loci 

organized into 35 linkage groups on 29 chromosomes. On the otberhand, the map 

described by Bishop et 811. (1994) includes 313 genetic markers arranged into 30 linkage 

groups on 24 autosoma~ the X, and the Y chromosomes. 

A micro satellite linkage map of the porcine genome was assigned to 13 autosomes 

and the X chromsome (Rohrer et aI, 1994). This included 383 markers placed into 24 

linkage groups, spanning 1997 eM. The most recent pig map described by Archibald et al. 
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(1995) includes 239 genetic markers of which 81 correspond to known genes. All 18 

auto somes and the X chromDsome were assigned linkage groups, extending across 18 

MDrgans. Finally, a linkage map fDr the chicken (18 autDsomes) has 100 IDci (Bumstead 

and Palyga, 1992). A total map length of 585 cM aver8iged 8 .. 5 cM between loci. 

Markers identified 18 linkage groups with 22 unlinked loci. 

Once there are detailed linkage maps for mammalian genornes, two apprDaches can 

be used to identify QTL and estimate their effects: marker locus, and candidate gene 

approach (Routmanand Cheverud, 1994). BDth methods cDrrelate genetic variants with a 

given phenotype. Marker loci are selected fDr numerous areas .of the genome in hopes of 

finding linkage tD a QTL. FDr the candidate gene methDd, IDci are selected because they 

are part of physiDIDgiCal pathways knDwn ta affect the phenotype of interest. The 

disadvantages of the candidate locus apprDach include that no new IDci are discovered, 

and there may not be variants segregating in the population. However, the marker locus 

methDd does allow for the discovery of new QTL. The mDlecular techniques in these two 

methods tD find QTL are RFLP and SSLP as previous.ly described. 

Statisti.cal Detection .of Quantitative Trait Loci 

Several experimental designs provide an ample populatiDn from which data can be 

collected and analyzed in .order tD determine the linkage between marker loci and QTL. 

Examples .of these experimental designs include crosses between inbred lines to produce 

backcross or F2 pDpulations (Darvasi et aI., 1993~ Luo and Kearsey, 1988; Soller et at, 
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1976), recombinant inbred lines and replicated progenies (Soller and Beckmann, 1990), 

half-sib famiIies (WeUer et at., 1990), and outbred lines (Haley et at., 1994). A backcross 

design has widespread use in practice and a benefit of analytical simplicity. The optimum 

spacing of genetic markers for initial studies of marker-QTL linkage are given for the 

following designs: 30 cM for an F2 and backcross; and 20 eM for recombinant inbred 

lines and other relative-pair types (Darvasi and Soller, 1'994). For a backcross design, the 

power of QTL detection was almost the same for marker spacings of 10. 20 and 50 cM 

(Darvasi et al., 1993). In practice, the number of markers scored per chromosome will be 

one to three in an initial screening of the genome. 

Genotypic information is coUected on a given population to detect and measure 

genetic linkage in a cross in which the alleles at two ( or more) loci of interest are 

segregating. An essential feature of the cross is that at least one of the parents must be 

heterozygous for both loci. An examp],e in Figure 1 helps illustrate this point. Let Ml and 

ml represent the alleles at one marker locus and M2 and m2 the alleles at the other marker 

locus. Qand q represent the alleles at a QTL. The parents are mated to produce an. F 1 

which is then backcross,ed onto one of the parents. The genotypes of the offspring will be 

parental (MIMMlM2 and mrmMIM2) and recombinant (Mlm:2I'M:IM2 and mrMMIM1). 

Linkage is indicat'ed by the relative frequency of the classes bearing recombinant gametes 

being significantly lower than one-half (no linkage or independent assortment). A chi­

square (x.2) test determines whether segregation at each of the two loci agrees with 

expectation and tests for linkage (3 df). 
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Fi re 1. An Exam Ie of a Backcross Desi 
Parent A Parent B 

Q x q 

FJ (AB) 100% 

ml 

Q q x Parent A 

25% of each jf unlinked ~ 50% of each parental if linked 

Backcross (parental) Backcross (Recombinant) 

Ml Ml Ml ml Ml Ml ffil I MJ 

Q Q Q q q Q Q Q 

M M2 M2 m2 ffi2 M2 M2 M2 

As soon as phenotypic and genotypic infonnation are collected on a given 

population, analytical tools will determine the association between given markers and 

QTL. The strategies used are classified as either single or flanking marker methods, 

depending on the number of markers uSIed at one time and their proximity to each other. 

The power of QTL detection was similar for interval mapping using a likelihood ratio test 



and single marker analysis using at-test (Darvasi et at., 1993). Interval map'ping -is 

essential only in experiments designed to. provide an accurate gene lo.cation. The 

advantage o.f using single marker analysis o.ver interval mapping with likelihood ratio. tests 

is the simplicity of application. Single marker analysis can be readily applied to. the 

detection o.f several unlinked QTL using standard so.ftware packages for multiple 

regression. 

The single marker method ,caloulates the statistical asso.ciation between one marker 

at a time and its phenotype. This traditional method for detecting a QTL near a marker 

involves the comparison of phenotypic means from progeny with different marker 

genotypes (Soller et aI., 1976). This estimates the phenotypic effect o.f substituting one 

allele for the other allele at the QTL. To test the significance of this association, an 

analysis of variance technique (linear regression) is used to estimate the additive variance. 

Statistically, this is equivalent to a t-test between the observed means. 

As stated earlier, this process has a majo.r advantage of being extremely easy to 

perfonn. However, there are several drawbacks to this method: the placement of QTL 

are not well-resolved since tight linkage to a QTL with small effect cannot be 

distinguished from loose linkage to a QTL with large effect; the number of progeny 

needed is inflated if the QTL does not lie near the marker locus; the suggested false 

positive rate (a,=O.05; Soller et aI., 1976) neglects the fact that many markers are being 

tested; and the phenotypic effects of QTL are systematically underestimated if the QTL 

does not lie at the marker loous because of recombination fraction (Lander and Botstein,. 
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1989). The false positive rate should be changed in order to account for the much higher 

chance of at least one faIse positive occurring somewhere in the genome. 

The standard method used by most geneticists for mapping QTL is the flanking 

marker method of Lander and Botstein (1989), which is better known as interval mapping. 

A linear model was used to test, for a QIL located. between two adjacent markers in 

backcross or F2 progeny produced from inbred strains. The evidence for a QTL is 

measured through the use of a maximum likelihood ratio test statistic (LOD score) at any 

point in the genome. If the LOD score exc,eeds a predetermined threshold level, a QTL is 

placed at the maximum of the interval. A LOD score greater than 3.0 is considered 

significant in the mouse (Lander and Botstein, 1989). 

Interval mappmg allows for an accurate estimation of phenotypic ·effects of QTL, 

decreases the number of false positives, and efficiently detects and places a QTL in a given 

chromosome region (Zeng, 1994). On the other hand, the disadvantages to using this 

form of interval mapping all include the idea of there being an unknown number ofQTL 

on the chromosome. The calculated test statistic is affected by all QIL; so if there is more 

than one QTL, the identified QTL position and effects will be biased (Knott and Haley, 

1992). If a QTL is located at some ne.arby region on the chromosome outside the interval, 

the LOD score can significantly exceed the threshold value and wrongly place a QTL in an 

interval, even though there is no QTL present within a defined interval (Zeng, 1994). 

Additional flanking marker models for estimating QTL effects and locations were 

described for doubled haploid. backcross, recombinant inbred, F2 , F3 , and various 

testcross progeny (Knapp et aL. 1990). These models are based on the recombination 
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frequencies between markers and QTL, and on the QTL genotype means. These 

parameters are estimat,ed by maximum likelihood methods applying linear, nonlinear, 

univariate, and multivariate normal distribution models. The problems listed above for 

Lander and Botstein's (1989) interval mapping also apply to tbese comparable QTL 

mapping methods. In addition, the use of onJy two markers at a time during the test is 

highly inefficient. 

To solve some of these problems, Lander and Botstein (1989) expanded their 

model to analyze multiple markers for multiple QTL simultaneously. However, this 

extended .search becomes multidimensional, producing problems in estimating parameters 

and locating QTL. To be more efficient, a process of mapping Q1L in a one-dimensional 

search was developed by Zeng (1994) which combines interval mapping with multiple 

regression analysis and is known as composite interval mapping. This union can be 

accomplished since the test statistic is independent of the effects of QTL at other areas on 

the chromosome. 

The following are aspects of multiple regression analysis (Zeng, 1993). The partial 

regression coeffidents of the trait on a marker are unaffected by QTL in other intervals, 

depending only on those QTL that are located in the interval. This is the basis for an 

interval test. A test statistic is constructed that is independent of QTL effects in other 

regions of the chromosome. Next, the statisti,cal power of the test and tbe efficiency of 

mapping is increased because the sampling varianoe is reduced. Even though markers are 

unlinked, they contain valuable information. Thirdly, the chance of interference of 

possible multiple linked QTL is reduced, thus increasing the pr1ecision of the test and 
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estimation. There are trade-offs between precision and efficiency by using interval 

mapping. Finally, markers are usually uncorrelated. unless they are next to each other; and 

even then, they have a very small correlation. 

Composite interval mapping fully utilizes all mapping infonnation in an interval 

test. This method provides a systematic search for QTL along the marker covered 

genome. The advantages of composite interval mapping .include a one-dlmensional search 

when one interval at a time is tested ev'en though there are mUltiple QTL,estimates of 

locations and efl'e·cts of individual QTL are unbiased, the precision is improVed since 

interval tests are on linked markers, simultaneous interval tests on multiple markers applies 

an increased amount of data, and a QTL likelihood map can be used to present a profile of 

QTL at various positions along the chromosome. A linkage map provides an anchor 

location to test for a QTL in the genome and at the same time control the genetic variance 

in the remaining chromosomes for the interval test (ZeDg, 1994). 

A simple marker-regression approach, which can be used for populations derived 

from an F 1 backcross, can locate QTL on a chromosome and estimate their additive and 

dominance effects (Kearsey and Hyne, 1994). This method involves regr,essing at a single 

locus the additive difference between genotypic means against a function of the 

recombination frequency between a putative QTL and that locus. Regression methods 

determine a QTL to be the point where the residual mean square is minimized. The 

reliability of this approach compared to MAPMAKERlQTL (Lander and Botstein, 1989) 

was tested by computer simulation. The results indicated that the marker-regression 

estimates of location and gene effects are consistent and as reliable as flanking marker 
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methods. This method has advantages of being easy to understand and simple to program 

using standard pc-based statistical software. However, a major disadvantage is that the 

marker-regression approach can only test for one QTL on a chromosome even if tbere is 

more than one linked Q1L. 

Mapping of Quantitative Trait Loci 

Until recently, the genes underlying growth, body composition, litter size, and 

other economically important traits in livestock have been difficult to identify. As well as 

the discovery of the actual magnitude of the individual g,ene effects on a trait of interest. 

The current mouse, rat, livestock, and human genetic maps are highly saturated with 

genetic markers. These markers are beneficial only when they are closely linked to genes 

controlling quantitative traits. Locating molecular markers that are linked to Q1L is 

needed in order to increase genetic improvement in livestock through marker assisted 

selection. QTL studies are also making progress toward understanding the gentic basis of 

human diseases, such as hypertension and atherosclerosis. Methods used to identity such 

genetic markers are the candidate gene approach and the marker locus approach. 

In the candidate IOCI1S approach, genotypic values are estimated for specific loci 

chosen because they are part of physiological pathways known to affect the phenotype of 

itnterest. Polymorphisms within these genes are analyzed to determine if the candidate 

genes are involved in regulation of the trait of interest, or if they are closely linked to a 

Q1L. For the marker locus approach (mainly interval mapping), the measured loci are not 
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expected to be the actual loci affecting a trait. Genetic markers evenly distributed 

throughout the genome are selected and tested for the presence of a QIL between pairs of 

flanking markers. 

QTL analysis of polyg,enic traits in animal models pinpoints candidate 

chromosomal segments or loci that can be tested in livestock and humans. For example, 

the identification and characterization of the g'enes controlling obesity in these animal 

models can then provide clues regarding the genes and the metabolic or developmental 

pathways that contribute to human obesity or increased fat percentage in livestock. 

Locating genes involved in obesity will have considerable clinical significance for humans. 

Also, the overproduction of fat ilD livestock has serious consequences for the animal 

industry. Ultimately, there is the possibility of isolating these genes using positional 

cloning. Several studies will be reviewed where QIL affecting polygenic traits were 

located: human diseases (atherosclerosis and hypertension), growth rate, body 

composition, and milk production. 

Atherosclerosis,. the primary cause of coronary artery disease in humans, is the 

deposition of fatty substances in the inner walls of the arteries. Chromosomal loci for 

coronary artery disease risk factors have been identified in both rat and mouse models: 

diabetes (Todd and Bain, 1992), hypertension (Jacob et al., 1991; Hilbert et at., 1991), 

lipoprotein levels (Warden et at., 1993), and obesity (Warden et al., 1993~West et at., 

1994a; West et at., 1994b). Several experiments that used a mouse model crossed the 

following inbred strains: AKR/J, SWRlJ, C57BU6J, AlJ, and Mus spretus. Research 

identified strains AKRIJand C57BL/6J as having a significantly increased carcass lipid 
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content, while SWR/J had no or marginal effect on adiposity when fed a condensed milk 

diet (West et al., 1994b). Also,. strains AKRIJ and C57BU6J are more susceptible to the 

formation. oflesions in the aorta on an atherogenic diet (Paigen et aJ!., 1985). The stroke­

prone spontaneously hypertensive rat (SHRSP), which exhibits blood pressures much 

higher than the control line Wi star-Kyoto (WKy), was identified by Yamori (1982). 

Investigations of genetically hyp,ert,ensive or obese inbred rodent strains can help 

determine the causes of many problems in human studies. 

A C57BL/6J xMus spretus backcross located QTL for plasma total cholesterol 

and for the percentage of carcass lipid on chromosome 7 and plasma total chole.sterol and 

a subcutaneous fat pad, the femoral depot, on chromosome 6. The LOD scores for 

plasma cholesterol were 5.8 and 5.6, respectively (Warden et aI., 1993). The position of 

chromosome 6 and 7 QTL are close to known mutations that cause extreme obesity and 

diabetes. Chromosome 6 ,contains the ob ( obese) gene while chromosome 7 has the tub 

(tubby) and Ad (adult obesity and diabetes) genes (Mous,e Genome Database; The Jackson 

Laboratory, 1995). 

Single-gene obesity loci are known for the a (agouti) locus on chromosome 2 

(Bultman et aI., 1992), the tub (tubby) locus on chromosome 7 (Jones et aI., 1992), the db 

(diabetes) locus on chromosome 4 (Bahary et al., 1990), lfabp (intestinal fatty acid 

binding protein) locus on chromosome 3 (Sweetser et aI., 1987), Ad (adipose) locus on 

chromosome 7 (Wallace and MacSwiney, 1979), and the ob (obese) locu.s on chromosome 

6 (Friedmanet a1.,. 1991). These are just a few examples; a mous'e 'fat map' shows the 

chro.mosomallocations of genes involved in lipid metabolism and associated mutations 

24 

-- --------



(Lusis and Sparkes, 1989). Dietary obesity has been linked to chromosomes 4, 9,. and 15 

in the following studies. Two separate studies obtained progeny for genetic evaluation 

:from the intercross and backcross of AKRJJ and SWR/J strains. 

In the first case, significant genetic linkage on chromosome 4 was observed with the 

db locus at a LOD score of 4.5 for total body adiposity (West et aI., 1994b). This QTL is 

designated as Dol (dietary obese 1) and has glutJ (glucose transporter) as a candidate 

gene (Bahary et aI., 1991). Secondly, two QTL (designated as Da2 and Do3) were found 

on chromosomes 9 and 15 with significant LOD scores for total adiposity of 4.58 and 

3.93, respectively (West et aI., 1994a). Candidate genes include Gnai-2 (guanine 

nucleotide binding protein, a-inhibiting-2) for Do2 (Blatt et aL,. 1988) and Ghr (growth 

honnone re,ceptor) for Do3 (Barton et aI., 1989). 

Yet another study identified a gene that detennines atherosclerosis susceptibility 

and high density lipoprotein (HDL) levels in the mouse. Strains C57BL/6J and AlJ wer,e 

previously characterized as differing at a gene (denoted as Ath-l) controlling 

atherosclerosis susceptibility (paigen et 811.. 1987). This locus on chromosome 1 affects 

plasma HDL cholesterol levels and atherosclerotic lesion formation in mice fed an 

atherogenic diet. Two years later, a second gene (designated as Ath-2) was also found to 

determine levds ofHDL cholesterol on an atherogenic d~et (paigen et aI., 1989). This 

gene was located :from a backcross that was segregating resistant and susceptible 

phenotypes. 

Other important quantitative traits are growth rate and litter size. The 

Quakenbush-Swiss mouse strain was backcrossed with the C57BU6J line, to identify 
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genetic markers linked to growth and litter size QTL (Collins et al., 1993). The 

Quakenbush-Swiss line has been selected over the past 55 generations for increased litter 

size; the strain also has an increased body weight. The C57BU6J line on a high fat diet 

exhibits small litter size, low body weight, and an increased carcass lipid content as 

mentioned earlier. Microsatellite markers were used based on their closeness to growth 

hormone (Gh) and insulin-like growth factor-l (Jgf-l). Gh and Jgf-l were mapped to 

chromosome 11 and 10,. respectively (Elliott et aI., 1990; Taylor and Grieco, 1991). Two 

markers (DI0MIT12 and D10MIT14) were identified as having an association with 

growth QTL (Collins et al., 1993). A high growth gene (hg), causing a 30-50% increase 

in 3-6 week gain and mature body size was mapped near Jgf-l on chromosome 10 

(Medrano et al., 1991). 

A study by Horvat and Medrano (I 995) was designed to characterize the effects of 

the above mentioned hg (high growth) locus on chromosome 10 from a cross between 

C57BL/6J-hghg and CASTlEiJ mice. The hg locus had significant LOD score of24.81 

(females; 41.5% of variance) and 9',56 (males; 22.2% of variance) for 14 to 63-day weight 

gain. Interval mapping using MAPMAKERlQTL 1.1 software (Lincoln et a1., 1992) 

placed the hg locus at marker D 10Mit41. Comparative mapping shows the distal haW of 

chromsome 10 belonging to a block of homologous genes (including Den) on human 

chromosome 12q13-q24 (O'Brien et aL., 1993). The decorin gene is involved in human 

cell proliferation and extracellular matrix assembly (Ruoslahti and Yamaguchi, 1991). 

Therefore. the mouse Den gene was postulated as mapping somewheTe on murine 

chromosome 10. Just as hypothesized, the Den gene mapped distally 3 cM from 
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DI0Mit41 (Horvat and Medrano, 1995). This study will support further fine mapping and 

cloning of the hg locus. 

Studies have identified that a small number (2-4) of genes are responsible for the 

blood pressure variations observed between rat strains (Elyet al., 1990; Lindpaintner et 

aI., 1990; Pravnec et aI., 1991). An intercross between rat inbred strains SHRSP x WKY 

was made to obtain progeny for a linkage study to localize these genes. A locus on 

chromosome i 0 accounted for more than 12-17% and 21-22% of the differences seen in 

basal blood pressure and blood pressure after NaCl-loading, respectively (Hilbert et al., 

1991). This locus was named BP/SP-1 and is believed to have effects on renal function 

and volume homeostasis. The candidate gene ACE (angwotensin-converting enzyme) on 

chromosome 10 (Lindpaintner et at, 1992) produces angiotensin II which has been 

identified as controUing sodium excretion in the kidney (Hall, 1986). Since this was an 

intercross ofF l individuals, an analysis of the sex chromosomes was performed. A second 

locus, BPISP-2, was found on chromosome X which accounted for most of the variability 

of basal systolic blood pressure in females (Hilbertet al., 1991). No candidate loci were 

identified, at that time. 

Another study used the same inbred strains as above in an intercross. The results 

obtained were very similar to those concluded by Hilbert et al,. (1991). A QTL (Bpl­

blood pressure 1) on chromosome 10, which accounted for 20% of the variation observed" 

yielded Lon scores of 4.88 and 5.1 for systolic and diastolic blood pressure after sodium 

loading, respectively (Jacob et ad., 1991). A second Qt1 (Bp2-blood pressure 2) on 

chromo.some 18 had a LOn score of 3 .23 with diastolic blood pressure, explaining 13% of 
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the variation observed. The ACE gene is also a candidate for the Bpl10cus causing 

hypertension. The angiotensin-converting enzyme plays a major role in blood pres.sure 

homeostasis (Dzau, 1988). Comparative gene mapping has revealed considerable 

conservation of gene order on chromosome 10 (rEd), 11 (mouse), and 17 (human) during 

mammalian evolution (Levan et a1.) 1991). 

These animal models demonstrate the power of marker linkage studies in the 

indentification ofloci involved in the aetiology of obesity and artherosclerosis. The direct 

mapping of QTL may be difficult in humans· since there is likely to be different QTL 

segregating in different populations or nuclear families. This heterogeneity rnakies the 

identification of QTL segregations extremely difficult (Lander and Botstein, 1986). 

Knowledge gained may ultimately lead to a better understanding of hypertension and 

obesity in humans, as well as livestock species. This will allow for improved treatment 

and prevention methods in the future. 

The detection of QTL in most studies has been between inbred lines of mice or 

rats. This is not a very realistic option for most livestock species. However, an analytical 

method based on least squares procedures has been described for identifying QTL 

.segregating in crosses between divergent outbred lines (Haley et a1.,. 1994). WeUer et a1. 

(1990) constmcted a likelihood function which estimates parameters related to a linked 

QTL for daughter designs. Also, the recent progress in livestock genome mapping has 

allowed for detailed linkage maps based on DNA markers,improving the ability to dissect 

genetically quantitative traits. The following are some of the experiments being conducted 

in livestock species. 
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In an experiment conducted by Andersson et ai. (1994), the European wild boar 

was intercrossed with Large White sows to genetically dissect phenotypic differences 

between these populations for growth and fat deposition. Evidence for QTL with large 

effects on growth, length of the small intestine, and fat deposition on chromosome 4 were 

found.. The length of the small intestine indicates the amount of domestication and is 

positivdy correlated with growth (peters son et at, 1979). The QTL had an estimated 

additive effect of 24 g per day for eady growth rate and 5 mm for average backfat depth, 

explaining 12'% and 18% of the residual phenotypic variation, respectively. There were 

also indications of a QTL with an effect of 14 g per day for early growth (8% of the total 

variation) on chromosome 13. 

A study in cattle looked at the association between weaver disease and milk 

production QTL. Weaver syndrome is characterized by pelvic limb paresis, ataxia, 

atrophy of hip and stifle musdes, central nervous system lesions, and atrophied gonads .. 

Brown Swiss weaver carriers produce 26.2 kg more fat and 690 kg more milk on average 

annually than normal cattle (Hoeschele and Meinert, 1990). A microsateUite locus 

(TGLAI16) was found to be closely linked to the weaver gene on synteny group 13 

(Georges et aI., 1993). This marker can be used to identify weaver carriers and research 

the effect this chromosome has on milk production in other breed.s of cattle. 

Finally, another experiment in dairy cattle utilized progeny testing in combination 

with interval mapping to map QTL controlling milk production in a Holstein popUlation. 

A founder sire was detennined to be heterozygous for 159 markers, resulting in 104,523 

genotypes from informative families (Georges etal., 1995). Evidence for QTL expressing 
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LOD scores ~ 3 was seen on chromosomes 1 (UI0), 6 (U15), 9 (U2), 10 (US), and 

20(020). The two QTL mapping to chromosome 6 and 20 caused an increase in milk 

volume without significant increase in protein and fat yield. The QTL on chromosome 9 

increased milk volume without altering fat and protein content. Chromosome 1 and 10 

QTL caused an incr,ease in milk production with a differential eff'e·ct on fat and protein 

composition. An interval on chromosome 20, bounded by AGLA29ITGLA214 on one 

side and TGLA126 on the other, is a possible location of the QTL .. The QTL effects 

explained 11 to 52% of the total variance of daughter yield deviations within a half-sib 

family. Finding QTL segregating for milk production in elite dairy cattle populations will 

greatly encourage the use of marker assisted selection in the future. 

A summary of the QTL researched above in animal models and livestock species is 

presented in Table 1. A majority of the QTL identified so far have been in the mouse with 

very few in livestock. However as linkage maps become saturated with markers, more 

studies will locate QTL in livestock. 

In addition,. the mouse is a beneficial model for behavioral and drug/alcohol abuse 

studies which can provide insight into the nature of the geneti,c influences in human 

populations. The following studies used the mouse to locate QTL relating to substance 

(morphine) and alcohol (ethanol) abuse. An F2 intercross of straillls C57BL/6J and 

DBN21 was genotyped for extreme values (highest and lowest 7.7%) of morphine 

consumption at 157 micro satellite polymorphisms (Berrettini et aL, 1994).. The C57BU6J 

inbreds prefer orally-available alcohol (McCleam and Rogers, 1959), opiates (Belknap, 

1990), and cocaine (Alexander et al., 1993) to a greater extent than DBN2J inbreds. 
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Tm-ee loci influencing oral morphine preference were detected on chromosome 10 (LOD 

score = 20), 6 (LOD score = 15), and 1 (LOD score = 3) .. The effect oftbe chromosome 

10 and 6 QTL is rather large, as a C57BU6J allele increases meanF2 morphine 

consumption by 60%. The allele for chromosome 1 decreased consumption by a small but 

detectable amount. Only one candidate loci on chromosome 6 (quinine~ denoted as Qui) 

is evident as 'explaining the LOD score related to morphine consumption. Mapping these 

loci may reveal important clues to human genetic vulnerability to drug addiction. 

A second study used mice from two progenitor inbred strains (C57BL/6J and 

DBAl2J) and 19 recombinant inbred (RI) BXD strains to identify QTLassociat'ed with 

sensitivity and tolerance to the hypothermic effect of ethanol (Cr.abbe et al.. 1 994b ). 

Several doses of ethanol (2, 3, and 4 g/kg) were administered, recording multiple post drug 

temperatures. Six traits were analyzed: hypothermic sensitivity (HT2, HT3, and HT4) 

and to.lerance (TOL2, TOL3, and TOL4) to. ethano.I administratio.n. Results suggest that 

QTL for all traits analyzed are located on all chromosomes except 6, 10, 12, 15, 18, and 

X. Candidate loci include Ahd-l (aldebyde dehydrogenase) and Akp-2 (alkaline 

phosphatase-2 synthesis) on chromosome 4 for HT2 and HT3; D2dr (dopamine D2 

receptor) on chromosome 9 for TOL2; D5dr (dopamine Ds receptor) on chromosome 5 

for HT3; D3dr (dopamine D3 receptor) on chromosome 16 for HT4 and TOL4~ As-l (aryl 

sulfatase) on chromosome 13 and Qui (quinine taste sensitivity) on chromosome 6 for 

HT2; and Gnat-l (guanine nucleotide binding protein) on chromosome 9 for HT4. 

Several chromosomal regions appear to contain loci that contribute measurably to multiple 

traits related to ethano.l-induced hypothermia and tolerance. 
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Table. 1 Mapped QTL for Growth, Obesity, Hyperten.sion, and Milk Production in 
Animal M did L' t k S ' 0 e san Ives oc ipeCles. 

QTL (Reference) eRRI LOD2 Cand.idate Genes Animal 
Plasma Cholesterol & Carcass Lipid % 7 5.8 ob (obese) gene Mice 

] (Warden et al., 1993) 
I 

I Subcutaneous Fat Pad & Plasma 
Cholesterol (Warden et al., 1993) 
Dol (die1:aly obese 1); Total Adibosity 
/Baku" etal., 1991) 
Do2 (die1:aly obese 2); Total Adiposity 
(West et al., 1994.a) 

Do3 (dietary obese 3); Total Adiposity 
~est et al, 1994a) 

: A/h-I; Level ofHDL Cholesterol and 
. Lesion Formation (paigen ,et al., 1987) 
Marker D IOMitl2 & DdlOMit 14; 
Body Weight (Collins et al., 1993) 
MarkerDI0Mit41; Weight Gain and 
Mature Size (Horvat & Medrano, 1995) 
BP/sP-J ,& BPISP-2; Systolic Blood 
Pressure (Hilbert et al. 1991) 
BpJ (Blood Pressure 1); Systolic &. 
Diastolic BP (Jacob et al. 1991) 
Bp2 (BIood Pressure 2); Diastolic BP 
(Jacob et al .. , 1991) 
Early Growth Rate and Backfat Depth 
(Andersson et al., 1994) 
Marker TGLAlI6; Milk Production 
(Georges et ai., 1993) 
AGLA29trGLA214 and TGLA126; 
MiUc Production (Geor~es et aI ., 1994) 
1 

2 
Chromosome Number 
LOD Score 

6 

4 

9 

15 

1 

10 

10 

10 
X 
10 

18 

4 

13 

20 

5.6 tub (tubby) gene 
Ad (adult obesity & diabetes) 

4.5 db (diabetes) 
glut] (glllCOse transporter) 

4.58 Gnai-2(guanine nucleotide 
binding prot. a-inbibiting-2) 

3.93 Ghr (growth hoI'. receptor) 

- ApoA-II 

- Jgf-J (Insulin like growth 
factor-I) and hg (high growth) I 

24.8 hg (higb gmwili) 
i &9.6 

- ACE (angiotensin-converting 
,enzyme) 

4.88 ACE 
&5.1 
3.23 -
- -
- Linked to Weaver Gene 

- Milk Production Gene 

Marker Assisted Selection. 

Mice 

Mice 

Mice 

Mice 

Mice 

Mice 

Mice 

Rat 

Rat 

Rat 

Swine 

Dairy Cattle 

Dairy Cattle 

Currently, selection is based on a prediciton of genetmc dtfferences between 

animals. estimated from phenotypic observations. The phenotypes are composed of 

environmental and genetic components (Meuwissen and Van Arendonk, 1992). 

Phenotypic information is often a mixture of data from the individual and its ancestors, 
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siblings, and progeny. With a smaU family size, the efficiency of marker assisted selection 

is reduced when phenotypic data is used from relatives. However, large families and 

common family environmental effects, such as maternal effects on full sib families, wiU 

increase the productiveness of selection through the use of molecuar markers (Lande and 

Thompson, 1990). 

These phenotypic measurements provide individual breeding values or EPDs which 

assist the producer in making the proper matingslcullings to increase production profits. 

Therefore the phenotypic values are indirectly used to evaluate the animal' s genetic 

makeup. However, if a producer could determine the most beneficial genotype directly, 

the accuracy in which selection occurs would increase. The likelihood of selectwng parents 

with the best genotype for a given trait will be enhanced. The generation interval could be 

decreased drastically since some traits would have genotypic infonnation available before 

phenotypic datum was ,even collected. Also, benefits of maker assisted selection are based 

on the producer's ability to select animals not expressing a given trait (Lande and 

Thompson, 1990). 

Problems with using EPD in current selection programs are the following: the 

reliability ofEPD is dependent on the individual and its relatives; information, and 

measures of genetic merit are indirectly detennined from phenotypic information. For the 

first case, highly reliable estimates require a large number of progeny records from several 

different environments. Also, many years pass between birth of the animal and the 

collection of genetic infonnation. For the second issue, traits must be easily measurable 

and environmental influences can bias genetic estimates. 
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Once QU are identified in the mouse, comparative mapping will expedite research 

in livestock species to find associated genes.. The mapping of economically important 

genes will bring about livestock improvement through the use of marker assisted selection. 

Marker assisted selection is the process of making selection decisions, based on an 

animal's phenotypic and genotypic infonnation. Identifiab~e genetic differences observed 

at the DNA level are not necessarily the QTL themselves, but are markers linked to these 

QU (Soller, 1978). The identification of marker loci linked to QU will allow for the 

easy manipulation of major genes, providing a possible route to their ultimate isolation 

(Haley, 1991). The potential efficiency of marker assisted selection depends on the trait's 

heritability, the selection method, and the additive genetic variance of the marker loci 

(Lande and Thompson, 1990). For individual selection, this relative efficiency is greatest 

for characters with low heritability and when a moderate to large fraction of the additive 

genetic variance is significantly associated with the marker loci. Further increases in 

efficiency are possible when selection is practiced on sex-limited traits and young animals 

before they develop the adult phenotype. 

Problems will arise with marker assisted selection from different environments, 

genetiC backgrounds, and selection goals (Pomp, 1994). The environment will affect 

detection of genes (good and bad) and the amount of genetic advantage expressed in the 

phenotype. Marker assisted selection, as well as traditional methods, assume selection is 

practiced in the same type of environment in which animals will be raised. Significant 

marker effects may only be beneficial in the same conditions in which they were 

discovered. The breeds used in a marker assisted selection program will also be of 
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importance. Some livestock breeds or tines of mice may not even be affected by the 

marker for a given trait. Research will need to be done to evaluate marker effects in 

various environments and genetic backgrounds. 

Several examples of genetic markers have already been associated with QTL in 

livestock production: the halothane gene in swine (Houde et al .• 1993), kappa-casein and 

beta-lactoglobulin genes in cattle (Medrano and Aguilar-Cordova; 1990a,b), the Booroo!a 

fecundity gene in sheep (Montgomery et al.,. 1993), the callipyge gene in sheep (Muggli­

Cockett etal., 1993), and the estrogen receptor gene in swine (Rothschild et aL,. 1994). 

The porcine stress syndrome and pale soft exudative pork are more readily seen in pigs 

with malignant hypothermia than nonnal animals. These losses to the swine industry have 

been gentically related to halothane anesthesia (Webbet aI., 1982). Houde et al. (1993) 

identified a mutation in the ryanodine receptor gene as being the cause of malignant 

hypothermia. This disease is under control in swine breeding companies due to the 

incorporation of marker assisted selection with the halothane gene. 

Two milk protein genes in dairy cattle., kappa-casein and beta-lactoglobulin, 

significantly influence the composition and physical-chemical properties of milk (Schaar et 

aL, 1985). Also, these protein genetic variants are associated with the quality and quantity 

of cheese produced from milk. Kappa-casein (Medrano and Aguilar-Cordova, 1990a) and 

beta-lactoglobulin (Medr-ano and Aguilar-Cordova, 1990b) polymorphisms result in two 

possible fonns of the protein produced, depending on the animal's alleles .. Allelic variants 

of these genes can be utilized in Holstein cattle sire families Ito identify chromosome 

substitution effects for yield traits (Cowan et al.,. 1992). Maximum likelihood 
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methodology was used to estimate effects of a mar~er gene and a linked QTL on 

quantitative traits in a Dutch dairy cattle population (Bovenhuis et aI., 1992). Beta­

lactoglobulin had significant effects on fat percent, protein yield,and milk yield; while 

kappa-casein effected milk yield, protein percentage, and fat yield. These results are 

consistent with previous conclusions on the same data using a different analysis 

(Bovenhuis et aI., 1992). 

The Booroola fecundity gene (Fee!) results in a marked increase in ovulation and 

lambing rate in BooroolaMerino ewes (see Bindon, 1984). Homozygotes (BB), 

heterozygotes (B+), and non-carders (++) of the Fee! gene are identified on the basis of 

ovulation rate recordings of~ 5, 3 or 4, and 1 or 2, respectively (Davis etal., 1982). 

Montgomery 'et aI. (1993) identified linkage between two microsatdlite markers 

(OarAElOl and OarHH55) and the Fee! gene mutation. These markers could be used in 

a marker assisted selection program to increase the prolificacy of different breeds of sheep. 

A mutation causing muscular hypertrophy was identified as affecting the 

production efficiency and quality of meat in sheep (Muggli-Cock:ett et aI., 1993). A 

variable number of tandem repeat marker (LOD score of8.78) characterized by five 

codominant alleles was found as being linked to the gene causing this muscle hypertrophy. 

Results indicated that a single autosomal gene (calUpyge; CLPG) was resposible for the 

muscular hypertrophy condition (Cockett et a1., 1994). The marker map of sheep 

chromosome 18 was used to position the caUipyge locus in the interval between CSSM18 

and TGLA122. A maximum LOD score of26.2 was obtained at 3 and 17.5 cM from 

36 



these markers, r,espectively. This potentially advantageous gene lends itself to successful 

transfer into other meat producing species. 

A major gene for litter size, associated with a polymorphism in the estrogen 

receptor gene, was identified which has a significant effect on total number born and 

number born alive in swine (Rothschild et aI., 1994). Some Chinese breeds (Meishan, 

Fengjing, and Minzhu) of pigs are extremely prol:iJfic. The Meishan pigs were imported 

and crossed with herds in the United States. The estrogen receptor gene (a steroid 

binding hormone receptor gene) has one aUele, originating from the Meishan, that is 

signi.iicantly associated with higher litter size. Differences among genotypes accounted for 

an increase of approximately 1.5 pigs per litter born and over 1 pig born alive. Results 

also suggest that there is no negative pleiotropic effects on growth rate and backfat. This 

gene may be incorporated into mar~er assisted selection programs to increase the 

efficiency of pork production. 

The potential improvements in rate of genetic gain from the use of marker assisted 

selectwon programs has been predicted in a number of studies. Meuwissen and Van 

Arendonk (1992) utilized associations between markers and ntilk production records of 

daughters of a grandsire by a multiple regression model, determining the value of marker 

assisted selection. Marker effects were assumed to be due to each QTL having a small 

effect, forming groups of QTL. Under this assumption, gene frequency changes will be 

small for each QTL, forcing a slight decrease in genetic variance. For QTL with large 

effects, marker assisted selection is beneficial in the short term (Saefuddin and Gibson, 

199'1) whiJ,e conventional selection is superior in the long term. 
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Within-family variances of grandoffspring explained by markers amounted to as 

much as 13.3% (Meuwissen and Van Arendonk, 1992). This variance decreased as the 

flanking markier distances increased and as the number of daughters analyzed decreased. 

In progeny testing scbemes (the number .of young bulls born annually is restricted), the 

within-family variance was mainly explained by individual .or progeny perfonnance data. 

There was a small increase in genetic gain since marker assisted selecticn cannot 

contribute much to the accuracy of selection. However in open and closed nucleus 

schemes, the geneti.c gains from marker assisted selection were enhanced substantially by 

9.5 to 25.8% and 7.7 to 22.4%, respectively. This was due to increases in accuracy .of 

selection and selection differentials. 

Gimelfarb and Lande (1994) studied the amount of selection response seen based 

on an index which ccmbined both the phenotypic and genotypic data. This computer 

simulation utiHzed multiple regression to determine which markers should be included in 

the index and their relative weight. They showed that selection based .on genetic markers 

is an effective method of selection,. especially when the index markers are re-evaluated 

each ·generation. Marker assisted selection effectively utilizes the linkage disequilibrium 

between genetic markers and QTL. 

Computer simulations by Zhang and Smith (1992 and 1993) investigated the 

effects of several factors on selection resoponse in marker assisted selection using linkage 

dis'equilibrium (number of marker loci necessary for the existence of significant 

associations with the QTL). For both studies, selection was on estimates of breeding 

values based on the marker QTL associations, on the best linear unbiased prediction 
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(BLUP) of phenotype, or on both. BLUP resulted in greater genetic gains when 

compared to marker assisted selection (Zhang and Smith, 1992). The detection of 

markers closer to a QTL would increase the linkage disequilibrium, thereby making 

marker assisted selection equivalent to selection on the QTL themselves. 

Zhang and Smith (1993) concluded that mixed-model estimates produce much 

larger responses than least-squares procedures since the first method treats QTL effects as 

random, regressing them back towards zero. The effectiveness of marker assisted 

selection was greatly increased when the sample size to estimate the marker quantitative 

trait locus was 1000 instead of 100 individuals. The same results were concluded with the 

reduction in sdection population siz.e. Poorly estimated marker QTL effects added noise 

to the system and reduced selection response with the use of smaller numbers. A decrease 

in the value of marker assisted selection in selecting for overall economic merit is caused 

by some marker QTL effects being favorable for some traits and unfavorable for others. 

The results by Zhang and Smith (1992,. 1993) present limitations in marker assisted 

selection using linkage disequilibrium until close linkages of QTL and markers are 

discovered. 

Marker assisted selection should accelerate genetic gain by increasing se~ection 

accuracy, reducing generation interval, and increasing selection differentials. Currently, 

advantageous single gene mutations or genetic marker mutations near a gene with major 

effects are being utilized in various selection programs. More extensive research of 

markers will have to be conducted before integrating them into a selection program. The 

surge in discovering new markers, the progress of mice and livestock genome mapping 
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committees, and specified application goals should incease the plausibility of using marker 

assisted selection in the futur,e. 
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CHAPTERll 

MATERIALS AND 1vffiTHODS 

Population Design 

Stock Population: The mice lines are maintained by Dr. E.J. Eisen at the Mouse 

Genetics Laboratory at North Carolina State University, Raleigh. The foundation stock 

(M16), sel,ected on increased postweaning gain (from 3 to 6 weeks), came from a random 

outbred Institute for Cancer Research (ICR) albino population (Hanrahan et aI., 1973). 

Within full-sib family selection was practiced, standardizing litters at five days of age to 

four pups of each sex. Pair matings (between eight and ten weeks) were as.signed at 

random, except for avoiding full-sib matings. Throughout 14 generations of selection, 

M16 compared with control mice had a much faster growth rate, were later maturing, and 

exhibited moderate obesity (Eisen, 1975). Also,. the M16line exceeds controls in size and 

number of fat cens in the epididymal fat pad. 

Following long-term selection, inbreeding began in the M16 line to produce a line 

(M16i) with isogenic mice. Continued fun-sib matings were made over the next 15 

generations. The M16i line has an inbreeding coefficient (F) of at least 0.95. A mouse 

strain can only be designated as inbred once F=O.986 which is approximately 20 
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generations of full-sib mating (Festing, 1979). However, tbe M16i mice have some degree 

of inbreeding from the selection on increased postweaning gain. 

A second inbred line of wild/origin, Mus musculus castaneus (CASTlEi), w,as 

purcbased from The Jackson Laboratory in Bar Harbor, Maine. For approximately 35 

g,enerations, inbreeding of CAST lEi (CAST) was practiced by full-sib matings (Fe sting, 

1994). CAST individuals display smaller body sizes and lean carcasses as compar,ed to the 

M16i line. 

Mapping Population: Figure 2 illustrates the population design utilized in this 

research project. A large segregating backcross population was produced. The M16i line 

females were crossed with males from CAST to produce an Fl. Seven F 1 males were 

backcrossed to M16i females, producing 54 backcross litters with unique dams. The 

backcross population contained 421 mice (213 males and 208 females) which had reached 

an adult age of 12 weeks. 

Fi , re 2. Backcross Po ulation Produced from Initial Matin of CAST and Ml6i Lines. 

Backcross Popul~tion 

CAS TIE i x M 16 i 
-w ild 0 rig in -Selected for3-6 wk gain 

-Small Body size and lea.1II • La rg e bod Y s iz e and 0 be. ity 

CAS TIM 1 6 i x M 16 ,i 

~ (n = 424. 

50% CAS T 1M 1 6 i 
50% M 1 6 i/M 1 6 i 
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Husbandry and Phenotyping 

The mice were reared in the N.C. State lab at a temperature of 21°C, 55% relativ,e 

humidity, and a light:dark cycle of 12 hours each starting at 0700. Pups were weaned at 

day 21, placing by sex 2-4 pups per cage. Their diet from mating to weaning consisted of 

.ad libitum access to Purina Mouse Chow 5015 (purina Mills;. Richmond, IN) and 

thereafter Purina Laboratory Chow 5001. 

The measured growth traits in the backcross included body weights at day 12 and 

at 3,6, 9, and 12 weeks. Growth rates were classified as GAIN} (day 12 to 3 weeks), 

GAIN2 (3 to 6 weeks), GAIN3 (6 to 9 weeks), and GAIN4 (9 to 12 weeks). Mice wer,e 

killed at 12 weeks by cervical dislocation to obtain weights of the right gonadal and 

hindlimb subcutaneous fat pads, heart, liver, spleen, right kidney, and right testis. An 

organ and fat pad weights were considered as a percentage of 12 week body weight 

(WKI2). These weight percentages were analyzed instead ofthe raw organ and fat pad 

weights. Two traits were selected as the primary candidates for QTL detection: WK12 

and gonadal fat pad weight as a percentage ofWK12 (GOFP). 

WK12 was an adult body weight. The M161ine is larger than controls at weekly 

ages from birth to 16 weeks: 27% and 60% larger at 3 and 16 weeks of age, respectively 

(Eisen and Leatherwood, 1978) .. Therefor;e, the greatest genetic effects on overall body 

weight are observed at the later stages of growth. GOFP was chosen as an indicator of 

overall body fat since the M16 line is known to exceed control mice in size and number of 

fat cells in the epidiymal fat pad (Eisen and Leatherwood, 1978). Eisen and Coffey (]990) 
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discovered that the greatest percentage of fat distribution was for gonadal fat in high-fat 

versus low-fat selection line.s when compared to other fat depots. Also, GOFP is an easily 

dissected discrete fat pad that is highly correlated (r=O.84) with total body fat percentage 

(Eisen and Leatherwood, 1981). Eisen (1987) found a realized heritability of 0.66 for 

epididymal fat pad weightlbody weight. 

Genotyping 

DNA extraction: Tail clips were collected at 6 weeks and shipped to Oklahoma 

State University (OSU) for DNA extraction. Spleens were collected at 12 weeks for a 

backup tissue source. The method used consisted of an initial overnight digestion with a 

lysing solution followed by extraction with phenol and chloroform and precipitation with 

isopropanol (Appendix 1). The concentration of all DNA samples were detellTlined using 

a spectrophotometer (Appendix 2). Working solutions were then produced at a final 

concentration of 50 nglJ..ll for peR amplification (Appendix 2). 

Candidate chromosomes: Initi.ally, Pomp et aI., (1994) conducted a whole 

genome screening procedure with three evenly-spaced SSLP for each of the 19 murine 

auto somes -- this backcross did not allow for analysis of sex chromosomes. Also, the 

backcross design only enables the estimation of markers linked to QTL with additive 

effects. Based on the results obtained by Pomp et at (1994), chromosomes 2 and 15 

appeared to be the most promising for locating QTL. 
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Chromosome 2 and 15 were selected by comparing all 19 autosomes for the 

percentage of residual phenotypic variation explained by significant marker effects on !both 

WK12 and GOFP. A major effect on WK12 was identified for chromosome 2 (18.73% 

variation explained) with the next largest being chromosome 15 (4.41% variation 

explained). Evidence for a region harboring a QTL, with very large effects, was observed 

on distal ,chromosome 2, with differences of at least 3.9 g WK12 (10% of the mean; 

P<.OOOI) and 0.31% GOFP (37% of the mean; P<.OOO I) between M16i1M16i and 

M16i1CAST backcross mice. In addition to chromosome 2, a QTL appeared on 

chromosome 15 with deviations between the homozygous and heterozygous genotypes of 

1.9 g WK12 (5% of the mean; P<.OOOI) and 0.13% GOFF (16% of the mean; P=.0017). 

To learn more precisely the chromosomal location of these major putative QTL, 

genotypes were determined at 15 and 6 additiomll SSLP markers on chromosome 2 

(Appendix 3) and 15 (Appendix 4), respectively, as well as for 3 candidate loci (agouti and 

growth hormone rdeasing hormone, chromosome 2; and peroxisome proliferator activat1ed 

receptor, chromosome 15) .. 

Marker ddection: A well-saturated microsatelIit.e marker map (Dietrich et aI., 

1992; Copeland et a1., 1993) was used to identify and evaluate possible markers for 

chromosomes 2 and 15 saturation. The primers (MapPairs; purchased through Research 

Genetics, Inc., Huntsville, AL) were tested on M16i and CAST DNA for readily 

id·entifiable polymorphisms in 4% agarose gels. The size polymorphism between the two 

parental lines must be large enough in base pairs (about. 15 or greater) t.o classify each 

genotype. Marker infonnation is presented in Appendix 5. The markers on chromosome 

45 



-

2 were concentrated on the distal half, while the markers on chromosome 15 were 

localized to the middle r:egion. Marker sp.acings of approximately 2 to 15 cM provided a 

reasonable working map of theenitre chromsomes. There was an average marker spacing 

of approximately 4 cM in the QTL region on both chromosomes 2 and 15. 

PCR amplification (Appendix 6) consisted of 15 III reactions in a 96-weU 

microtiter plate (Falcon 3911;. Sigma Cherrucal Company, St. Louis, MO) using a MJ 

Research Thermal ControHer (Watertown, MA; Model #PTC-IOO). These reactions 

contained 50 mM KCI, 10 mM Tris-Rei pH 9, and 0.1% Triton X (Taq buffer; Promega~ 

Madison, WI), 1.5 mM MgCh, 200 J.LM each dNTP (New England BioLab. Beverly, 

MA), 200 nM of each primer in the MapPairs set, 30 ng genomic DNA, and 0.375 U Taq 

Polymerase (promega; Madison, WI). Each reaction was overlayed with 50 fJ.I of mineral 

oil (Sigma Chemical Company; St. Louis, MO) to avoid well contamination, spilling, and 

condensation. A 3-minute denaturation at 94°C was fonowed by 40 cycles of 

denaturation at 94°C for 15 seconds, annealing at 55°C for 2 minutes, and extension at 

72°C for 2 minutes. The last cycle included an ext,ension step at 72°C for 7 minutes and a 

cooling step at 4°C untiI the plate was removed. All markers used these peR conditions 

except D15MIT34 which utilized only 30 cycles. 

Products were resolved in 4% sieving agarose gels. The gels were made from 2% 

NuSieve low melting point agarose (FMC BioProducts,. Rockland, ME) and 2% Ultrapure 

Biotechnology Grade high melting point agarose (BioRad Laboratories, Hercules, CA). 

Separation was acheiv,ed by gel electrophoresis at 80 V for I to 2 hours, depending on the 

base pair differences between alleles. Next, tbe gels were stained with 5 ,Ilg/ml ethidium 
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bromide (Sigma Chemical Company, St. Louis, MO) for 30 minut,es followed by 

destaining in ddH20 for 30 minutes. A photograph was taken using a Pol.aroid MP4 

Instant Camera System with a Foto Prep I ultraviolet light source (Fotodyne, Inc., 

Hartland, WI). 

OTL Candidate Genes 

Identifieation: Based on preliminary statistical analyses, potential candidate loci 

were determined for regions near putative QTL. Initially, regions near markers D2MIT49 

on chromosome 2 and D15MIT34 on chromosome 15 were iny;estigated since large 

effects on WK12 and GOFP were discovered by l,east-squares procedures (pomp et al., 

1994). The Mouse Genome Da1abase (MGD; The Jackson Laboratory, 1995) was 

utilized to identify known genes with large effects on body weight and obesity. There 

were several genetic loci near these markers which were possible candidate genes; 

however, only four were chosen as markers. 

Two loci per chromosome were selected as markers to genotype the population: a 

(non-agouti) and Ghrh (growth hormone releasing hormone) on chromsome 2 and Ghr 

(growth hormone receptor) and PPAR-alpha (peroxisome proliferator activated receptor) 

on chromosome 15. PPAR-a/pha was not initially selected as a candidate gene for the 

observed QTL. PPAR-alpha primers were received from Jeff Gimble at the Oldahoma 

Medical Research Foundation with hopes of mapping the locus in our large backcross 

population. PPAR-alpha was identified on the distal portion of chromosome 15 
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evelltually choosing this gen.e as a marker. PPAR-alpha will be referred to as a candidate 

gene even though the locus is 30 cM away from Ghr on chromosome 15 and it was not 

actually an original locus selected as a candidate gene. 

The agouti locus was initially discov,ered as controlling the relative amounland 

distribution of black and yellow pigment in coat hairs. Various agouti locus aUeI,es are 

associated with embryoni,c lethality, obesity, diabetes, and the development of tumors in a 

wide variety oftissues (Eaton and Green, 1963; Wolff, 1965; Odaka et aI., 1992; Gasser 

and Fischgrund, 1973). 

Somatic cell growth is partially regulated by hormones originating in the 

hypothalamus which control the amount of growth hormone (OB) secreted from pituitary 

somatotrophs: Ghrh (stimulates GH synthesis and secretion) and somatostatin (inhibits 

GR). The secretion of these hormones is regulated by GH feedback and numerous other 

factors (Frohman and Jansson, 1986). While GH has some direct effects on cellular 

growth, many of its actions are mediated by insulin-like growth factor type I (IGF-]; Hall 

and Sara, 1983). 

GH binds with high affinity and specificity to a set of related glycoprotein 

molecules found in membrane and cytosol fractions (Hughes and Friesen, 1985). The 

membrane-associated forms of the GH receptor (Ghr) are assumed to mediate OR actions 

at the cellular level. Serum Ghr increases the stability of circulating GH. The highest 

concentration of Ghr is found in the liver where GH induces the expression and secretion 

ofIGF-I (posner et at, 1974). 
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Peroxisome proliferators are chemicals that cause marked proliferation of 

peroxisomes in .se]ected tissues (liver, brain, heart, kidney, and testis). In addition, there is 

an increase in the transcription of genes whose products are required for J3-oxidation of 

long-chain fatty acids (Reddy et at, 1986). Peroxisome proliferator activated receptor 

(PPAR-alpha) is a member of the steroid-thyroid superfamily ofligand activated 

transcription factors (Issemann and Green, 1990). PPAR-alpha is involved in regulating 

aspects of peroxisomal function and cholesterol metabolism. Ppar has been isoWated in. a 

series of3 forms: a., J3, and! y (Chen et aI.,. 1993). The gene coding for thea. fonn was 

utilized as a candidate. 

Primer Development: In order to use these four candidate genes as markers in 

the backcross population, polymorphisms needed to be discovered between the two 

parental lines. A DNA segment for each loci was amplified and then cut with restriction 

enzymes to r,eceive varying banding pattems for the controls (CAST, M16i, Fl)' Initially, 

primers were designed using the following guidelines: approximately a 50% G/C content; 

avoid a G or C at 3' end~ avoid complementary areas on a primer to prevent folding avoid 

primer complementarity; end in a T; and length of 18-25 bp. 

A polymorphism is rarely found in exons of the gene because these sequences 

having funtionaI properties; therefore,. polymorphisms were detected for in introns. 

Hence, primers were designed in adjacent exon spacings to amplify an intron. The intcon 

spanned by the exon primers was limited to approximately 2 kb to insure consistent .PCR 

amplification of candidate gene segments. Initial intron sizes for Ghrh and Ghr were 

between 200 and 400 bp. After testing about 28 enzymes with 4-6 bp recognition sites, 
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these introns did not produce a polymorphism between the two parental lines, so new 

primers were constructed to span introns of approximately 2.4 kb. 

Mouse candidate gene nucleotide sequences were identifi,ed: a (Bultman etal., 

1992), Ghrh (Frohman et ai., 1989), Ghr (Smith et at, 1989), and Ppar a (Gearing et ai.,. 

1994). The mous,e a gene is approximately 18 kb and is composed of 4 exons (72, 170, 

65, and 385 bp) and 3 introns (11.5, 2.5, and 2 .. 8 kb). The Ghrh gene is at Ieast 7 kb, 

representing 5exons (72, 100, 102, 91, and 139) and 4 introns (3.7, 0'.23, 2.4, and one of 

unknown size). The murine Ghr gene has two known molecuIar weight variants for the 

encoding exon sequences: 1.2 and 2.2 kb. Human estimates were used for Ghr gene 

mtron sizes (Godowski et aI., 1989). The Ghr gene contains 9 exons (72, 66, 75,216,. 

150 141,93, 69, and 981 bp) and 8 introns (14,27,6, 5,24,3,4, and 0.4 kb). The mouse 

Ppara gene has 8 exons (376, 76,246, 168, 139,202,445, and 248 bp) and 7 introns 

(0.8, at least 5, II, 1.7, 1.7, at least 5, and 1.8 kb) with an estimated length of at least 30 

kb. For all primers, size ranged from 20 to 25 base pairs (bp). The actual sequences and 

exons listed for each candidate loci are in Appendix 7. Oligonucleotides for primers were 

obtained from the OSU Biochemistry Core Facility (Stillwater, OK). peR working 

solutions (5 IJM) were prepared for each set of primers (Appendix 8). 

PCR conditions were optimized for each primer pair at various concentrations of 

MgCh (0.75, 1.5, and 2.25 mM), dNTPs (100 and 200 ~M each), and primer (0.1, .0.3, 

and 0.5 J.!M). The 25 p.l reactions contained 50 mM KCl, 10 ruM Tris-HCI pH 9, and 

0.1% Triton X (lOX buffer; Promega, Madison, WI),. 50 ng genomic DNA, and 0.875 U 
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Taq Polymerase (promega, Madison, WI). Initial optimizations were at 55°C followed by 

an increase in temperature until a single peR product was obtained. 

The ideal PCR conditions are given in Table 2 for each candidate gene primer. 

Because the first Ghr and Ghrh primers did not amplify a DNA segment large enough to 

produce a polymorphism, a new primer was developed for each (2Ghr and 2Ghrh) to 

increase the number of base pair.s in the segment amplified. 

For aU primers, the first cycle consisted ofa 2-minute denaturation alt 95°C, 

annealing at the proper temperature (see Table 2) for i-minute, and a 72°C ,extension 

period for 2 minutes. The ex.ception was for 2Ghr which omy had a 30-second 

denaturation due to the large estimated intron size (>2 kb). This cycle was followed by 29 

or 34 cydes (see Table 2) of denaturation at 94°C for I minute, annealing at the proper 

temperature (see Table 2) for I minute, and extension at 72°C for I minute. The 

exceptions were the following: 2Ghr had a IS-second denaturation at 95°C~ and Ghr and 

a which had a 2-minute extension. The last cycle included an extension step at 72°C for 9 

minutes and a cooling step at 4°C until the plate was removed. 

T bI 2 PCR C d" U d £ Am rfi fC d'd G DNAS a . ,e on lt10ns se or IpJ I catIOn 0 an late ene egments. 
,I Candidate Gene ' MgCh(mM) dNTP(~ Primer (JiM) Temperature· cae) 

(Total Cycle #) 
. a (30) 1.5 100 0.3 58 
Ghrb (35) 1.5 200 0.3 56 
2Ghrh (30) 2.25 200 0.3 55 
Ghr(30) 1.5 200 0.3 58 
2Ghr(35) 1.65 200 0.4 50 
PPAR-ailpha (35) 1.5 100 0.5 65 
• PCR Annealing Temperature 
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Polymorph isms: Re.striction fragment length polymorphisms {RFLP} result from 

a change in nucleotide sequenoe of one allele that either eliminates or creates a recognition 

sit,e for a Type II restriction endonuclease. Approximately 28 separate enzymes were 

randomly tested, with a majority of these having 4-6 bp recognition sites. Polymorphisms 

between the two parental lines were visualized in 4 % agarose g'eWs. Once an enzyme was 

detenrnned to generate a polymorphism, no more were tested for that gene. Initial 

possibilities were tested again to make sure that the resulting polymorphism was 

reproducible. Finally, the enzyme digestions were tested to make sure that they worked in 

96-weU peR plates. PP AR-alpha genotyping was conducted in tubes due to the inability 

to achieve consistent resuhs in the plates. 

Known controls (CAST, M16i, and F1) were used as DNA samples during all 

candidate gene peR amplifications and enzyme digestions, t.esting for a polymorphism. 

The a genotype was produced from digesting an approximately 2100 bp PCR product 

(11.125 j.11) with Dde I (0.125 Ill). ThePPAR-aipha genotype was also discovered from 

Dde I digestion of the approximately 2100 bp' product. The Ghrh genotype was 

determined from digesting an approximateWy 1800 bp product with 8au96 I. All digestions 

were processed at 37°C for at least 3 hours and run on gels at 80' volts for 90' minutes. 

Even with a larger PCR pr:oduct amplified for Ghr, polymorphisms were not found after 

te,sting all 28 enzymes. 

The a genotypes were characterized by the following banding patterns (Figure 3): 

445,380,298/298, and 270 (M16i1M16i genotype; MM) and 445.395,380, 2981298, and 

270 (M16i1CA8T genotype; MC). When genotyping the backcross population, the:M:M 
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and Me individuals were easy to differentiate because ofMC extra band at 395 received 

from CAST. The Ghrh g,enotypes were characterized by the following banding p'atterns 

(Figure 4): 1000 and 425 (M16i1M16i genotype; MM) and 1000, 560, 460, and 425 

(M16iJCAST genotype; Me). Once again these were easy to genotype due to a difference 

of two middl,e bands (560 and 460) for the MC individual. The PPAR-aJpha genotypes 

were characterized by the following banding patterns (Figure 5): 650, 560, 500, and 345 

(M16i1M16i genotyp,e; MM) and 900,650, 560, 500, and 345 (M16i1CAST genotype; 

MC). Finally, the:MM: and MC individuals were easy to discern because of the extra band 

(900) for Me. 

The following three figures have a 4 % agarose gel with 4 lanes. The first three 

lanes are the controls (CAST, M16i, and FI), while the last lane is a standard marker 

(Boehringer Mannheim VI Marker). 
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Figure 4. Growth Hormone Releasing Hormone Gene Restriction Fragment Length 
Polymo, hism from Sau96 I. 

Figure S. P·eroxisome ProIiferator Activated Receptor Gene Restriction Fragment Length 
nITnnrnn,· sm from Dde I. 
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Statistical Methads 

Descriptive .statistics: The phenotypic data far aU traits were analyzed for means, 

standard deviations, coefficients af variation, and ranges. The PROC UNlV ARIA TE 

(SAS; 1989) praduced these phenotypic specifications. AlSo., a Shapiro-Wilk statistic was 

computed in order to. test if the backcross population data represented a random sample 

from a normal distribution. Phenotypic correlations among all traits were computed by a 

PROC CORR (SAS; 1989). Pearson product-moment correlations were tested using Ho: 

(correlation = 0) versus a two-tailed alternative to obtain p-values among aU traits. 

Genotype analysis: Genotypic frequencies at each marker were calculated as the 

ratio afthe number of individuals for ,each genotypic class (M16i/M16i or MI6i1CAST) to 

the total number of mice genotyped (n = 421). In a backcross, the expected Mendelian 

ratio is 1: 1. A Chi-square test statistic with 1 degree of freedom was used to identity any 

significant deviations in a marker's genotypic inheritance. The significance level ofP < 

.os. results in a confidence intelVal for genotypic frequencies ranging between 45.14 and 

54.48%. 

Linkage map'ping: Linkage analysis was performed for this backcrass population 

since differences in recombination rate could exist between sexes and populations. The 

SSLP microsateUite markers were originally mapped for a different cross, so it is 

important to determine linkages between markers using data from this backcross 

popUlation. Even though almost all SSLP markers identified will differ among strains and 

populations, linkage analysis should be conducted. Recombination frequencies for 
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adjacent marker pairs were determined as the total number of heterozygotes (MJ 6VM16i 

at one marker and M16iJCAST at the oth.er) divided by the total number of progeny (n = 

421). 

In addition, recombination frequencies were calculated in the same way for each 

sex separately (n = 213 for males and 208 for females). The genetic distance (in cM units) 

between pairs of markers equals the fecombination rate.. For chromosome 2 and 15, each 

most proximal marker was standardized to 2.35 and 5.72 cM, respectively. This is due to 

the published marker positions for these markers in the WIlMIT -CGR micro satellite 

marker map acquired from the Mouse Genome Database (The Jackson Laboratory. 1995). 

A Chi-square test «total number of markers - 2) degr,ees offr1eedom) was performed to 

test for any significant differences between the male and female marker maps for each 

chromosome. 

The statistical methods employed in this research project dealt with various 

statistical tests in an attempt to map QTL. The genotypic data collected were analyzed by 

four diJferent QTL mapping methods:. analysis of variance (ANOVA), marker-regression 

(Kearsey and Hyne, 1994), composite interval mapping (Zeng, 1994; Jiang and Zeng, 

1995), and interval mapping (Zeng, 1994; Jiang and Zeng, 1995). 

ANOV A p,rocedures: Effect of marker genotype on the measur,ed phenotypic 

characteristics were tested utilizing PROC GLM (SAS; 1989). The model included the 

effects of dam (random), sex (fixed), genotype (fixed), and the sex by genotype 

interaction. Least-squares means were computed for the effects of sex, marker genotype, 

and sex by marker interaction. To map the QTL, the following values were plotted 
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against recombination frequency for each trait analyzed: F-values for each marker; 

g,enotype least-squares mean differences for single and adjacent markers; and least-squares 

means for all individuals which possessed the M16i1M16i - M16i1M16i genotype for an 

adjacent marker pair. In addition,. sex by marker interactions were examined for all traits 

to determine if one sex had a significant advantage over the other due to a QTL only being 

expressed in a certain sex. 

Marker regression: Mean square rlesiduals (MSR) were determined at one eM 

intervals along chromosomes 2 and 15 by applying linear regression through the origin 

(Kearsey and Hyne, 1994). This method involves regressing the additive difference 

between marker genotype means at a locus against a function of the recombination 

frequency between that locus and a putative QTL. The QTL is located at the position 

where the MSR is the lowest at that map position. A linear model of gene effect against a 

function of recombination frequency between the QTL and the marker for the backcross 

population in this study is the following (Cowen, 1988): 

where MilMil and MnMu are the expected mean trait value of all individuals with marker 

genotype MilM;l and MilMi2, respectively. The number of markers is i = 1 to k (k was 20 

for chromosome 2 and 10 for chromosome 15). The recombination frequency between 

the QTL and the ith marker is represented as R. The additive (d) effects, defined as the 
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genetically additive variation by Mather and Jinks (1982), are ,equal to Bi (y) ifthere is 

complete linkage between the QTL and the marker. 

PROC GLM (SAS; 1989) was used to generate least-squares means for all traits at 

each marker. The difference between the least-squares means for each marker genotype 

class (M16i1M16i and MI6i1CAST) was determined and. regressed on 1-2R (x). 

According to Haldane (1919), the term (1-2R) = e-ID; where m is the mean cruasma 

frequency in that interval (I(X - Ci)/501). The putative QTL position (X) and the marker 

lcous CCi) are both given in cM. The QTL was moved along the entire length of the 

chromosome with each calculated mean square being adjusted by multiplying by total 

number of progeny (n = 420). 

The MSR (k-l degrees offreedom) was divided by an error mean square term (n­

(k+l) degrees of freedom; backcross variance - 1I2d2) to obtain an F-Value . . An. interval 

harboring a QTL is defined by the locations where the adjusted MSR is not significant. 

The null hypothesis for the test was to determine if the chromosomal positions were 

acceptabl.e for locating the QTL. A level of .05 was selected to test for non-significant 

locations for the QTL. For the chromosome 2 F-value degrees of freedom (19, 399), a 

cutoffvalue of 1.613 was used at the .05 level in the test. The chromosome 15 F-value 

degrees of freedom (9, 409) gives a cutoff value of 1.903 at the .05 level. 

In addition to the MSR calculated, mean square regression (MSREG) values were 

computed at one eM intervals along chromosomes 2 and 15. The adjusted MSREG 

(d.egrees offreedom = 1) were divided by the adjusted MSR values to obtain a secondF­

value (F2). A level of .001 was selected to test for signifi.cant QTL locations. For 
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chromosome 2, the degrees offreedom (1,. 19) produced a cuto£Ivalue of 15.081. For 

chromosome 15, a cutoff value of22.857 was obtained from 1,9 degrees of freedom. 

These cutoff values were used to test the F2 values at each one cM interval. The cutoff 

point (cM) determined for F2 was then used to indirectly locate the corresponding MSR 

value at these map locations. A line was drawn at these MSR values on the mark!er 

regression graphs to indicate acceptable locations for identitying a QTL (chromosome 

points below the line). 

Intenral mapping: Both interval mapping (Lander and Botstein, 1989) and 

composite interval mapping (Zeng, 1994; Jiang and Zeng" 1995) analyses were conducted 

by Dr. Zhao-Bang Zeng at North Carolina State University, Raleigh. A total of 12 

phenotypic traits were measured; however, Dr. Zeng only considered two traits in the 

investigation (WK12 and GOFP). Also, only chromosome 2 data were analyzed by Dr. 

Zeng by the time this paper was completed; chromosome 15 will be studied at a later date. 

The following paragraphs are Dr. Zeng's summary for chromosome 2. 

A linkage map (Table 9) was construct,ed for chromosome 2 with MAPMAKER 

software (Lander et at, 1987) for use in all analyses. The multiple trait ana.ysis (Jiang and 

Zeng, 1995) and interval mapping (Lander and Botstein, 1989) methods were applied to 

the mapping ofQTL on each trait and each sex separately, on each trait with both sexes 

jointly, and on both traits with both sexes jointly. This approach tested QTL effects 

simultaneously or individually and furthermore tested QTL by sex interaction effects on 

each trait alone or together. This was due to the fact that sex has very significant effects 

on WK12 and GOFP. 
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The foHowing model was utilized in the analysis: 

ji = 1 to 213 for i = 1 
and ji = 1 to 208 i = 2 

where yjiJc. is the phenotypic value of individual ji on trait k (i = 1 for male and 2 for 

female), J..lik is the mean model effect for sex i and trait k, b'0 ik is the putative QTL effect on 

sex i and trait k, XOji is the QTL genotype indicator variable (1 for M16i1M16i individuals 

and 0 for M16i1 CAST individuals), bilk is the partial regression coefficient ofYjik on Xjil, Xjil 

is the marker 1 genotype indicator variable for individual ji, and ejik is the residual effect of 

individual ji on trait k. The residual effects (error tenns) are assumed to be correlated 

among different traits within the same individual and independent among individuals. 

For composite interval mapping, multiple markers were included in the model to 

block the effects of other possibly linked QTL in the test. Only two linked markers, at 

least 19 cM away from the testing interval, were fitted into the model. No other markers 

were implemented into the mode.E since fitting other linked or unlinked markers tended not 

to have significant effects on QTL mapping in this backcross population. For interval 

mapping, the model did not include the terms of E\ biJ]cXjil. 

The fonowing hypothesis tests were executed at one cM intervals along the entire 

length of chromosomes 2 and 15: 

1) Separate mapping on each trait and each sex 

2) Joint mapping on both sexes on each trait 
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3) Joint mapping on both sexes and both traits 

IL,: b\. = 0, b021 = 0, b· I2 = 0, b\2 = 0 
HI: bOll *" 0, b·21 * 0, bOl2 * 0, b022 * 0 

4) Testing QTL by sex interactions on each trait 

5) Testing QTL by sex interactions on both traits 

IL,: b·11 = b °21 , bO l2 = b· 22 

These tests were based on the likelUhood ratio test procedure which assumes that the 

residual effects are multivariate normally distributed among individuals. The maximum 

likelihood estimates can be calculated from use of an expectation/conditional maximization 

(ECM) algorithm (Meng and Rubin, 1993). The ratio of maximum likelihood estimates is 

detemined with the log being taken (LOD score). The LOD score is a measure of the 

likelihood of a QTL being present with a significance level determined by a threshold value 

based on marker spacing. 
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CHAPTER IV 

RESULTS 

Descriptive Statistics 

Phenotypic specifications for aU traits in the backcross population are provided for 

male (Appendix 9), female (Appendix 10), and sex-pooled (Appendix It) groups. 

Focusing cn the coefficients of variation (CY) given for various traits helps to explain the 

large amount ofvari.ation observed in the backcross population. As stated earlier, initial 

parental populations need to be widely divergent for traits of interest to be the most 

beneficial. The availabilty and use of selection lines (lVI16i) has advantageously produced 

a backcross population which exhibits extreme phenotypic variation. 

The CV for the male population compared to the females only changed 

dramatically for six traits: GAIN3, GAIN4, GOFP, and total fat pad weight percentage 

(FATP). The sex-pooled CV varied slightly for the body weights (14.51 to 19.96), and 

organ weights (17.75 to 28.52). However, there was a large change in the CV for growth 

rates as ontogeny progressed (23.32 to 98.13). Also, the measurements of fat CV's 

differed, ranging from 53.61 to 79.27. CV's for the early growth ratles, GAINI (32.92) 

and GAIN2 (23.32) were much lower than GAIN3 (65.19) and GAIN4 (98.13). 
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For the sex-pooled population, the only traits that followed a normal distribution 

were all of the body weight measur,ements. GAINl, GAIN2, GAIN4, liver weight 

percentage (LIVP), and lcidney weight percentage (KIDP). However, the opposite was 

true for 6 week body weight (WK6), GAIN2, and KIDP in each sex which were not 

normally distributed (P < .05). There was a lack ofnonnaJity for aU fat traits, GAIN3, 

heart weight percentage (HR.TP), spleen weight percentage (SPLP), and testis weight 

percentage (TESP) in the sex-pooled, male, and female poplations (P < .05). LIVP was 

nonnally distributed for pooled and male populations (approximately P = .98); however, 

LIVP followed a lack of normality pattern for the female population (P < .01). 

Table 3 displays the phenotypic correlations among all traits in the backcross 

population. The correlation between WK12 and GOFP was relatively high (0.636; P < 

.0001). The relationship among aU body weight traits was significant and positive (P < 

.0002) with the IUghest being 0.947 for WK12 and 9 week body weight (WK9). The 

correlations between body weights within each weight group decreased as time between 

measurements increased. 

The association between fat percentage traits ranged from 0.570 (GOFP and 

SCFP) to 0.946 (GOFP and FATP). The correlation among all growth rates were low on 

both the positive and negative side, with the highest correlation being 0.353 (P < .0001) 

between GAIN3 and GA1N4. The same was true for the organ weight percentages, with 

the highest association being 0.345 (P < .0001) for SPLP and LIVP. 

63 



Cf'\ 
J:-. 

--._-- -. - - -- - --- ' r-- -- - -------- - -- ----- --- - --

DAY12 WK3 WK6 WK9 WK12 
WK3 0.791 

.0001 
WK6 0.475 0.551 

.0001 .0001 
WK9 0.254 0.290 0.78.0 

.0001 .0001 .0001 
WK12 .0.183 .0.216 0.683 0.947 

.00.02 .0001 .0001 .0001 
GAIN .0.53.0 .0.938 0.495 .0.257 0.196 
1 .0001 .0001 .0001 .0001 .0001 
GAIN .0.12.0 .0.093 .0.882 .0.767 0.692 
2 .0134 .0577 .0001 .0001 .0001 .. 

GAIN -0.249 -0.267 -0.137 .0.514 0.562 
3 .0001 .0001 .0049 .0001 ,0001 
GAIN -0.112 -0.1.05 0 . .021 0.242 0.541 
4 .0210 .0312 .6605 .0001 .00.01 
HRTP -0.028 ..(1.042 -0.174 -0.3.08 -0.391 

.5694 .3923 .0003 .0001 .0001 
LIVP -0.048 -0.193 -0.1.02 .0 . .039 .0.068 

.3220 .0001 .0367 .4261 .1647 
SPLP -0.148 .0.257 -0.328 -0.348 -0.337 

.0024 .0001 .0001 .0001 ,0001 
KIDP 0.135 0.Il2 0.190 0.193 0.109 

.0055 ,0217 .0001 .0001 .0249 
TESP .0.108 0.0002 -0.150 -0.314 -0.374 

.1178 .9977 .0294 .0001 .0001 
SCFP -0.077 -0.058 .0.126 .0.285 .0.345 

.1179 .2376 .0101 .0001 .0001 
GOFP .0,.054 0.092 0.422 .0.651 .0.696 

.2661 .0586 .0001 .0001 .0001 
FATP 0.008 .0.041 0.35.0 .0.580 0.636 

.8775 .4010 .0001 .0001 .0001 

GAIN 1 

0.060 
.2186 
-0.270 
.0001 
-0.082 
. .0936 
-0.042 
.3875 
-0.240 
. .0001 
-0.272 
.0001 
0.079 
.1073 
-0 . .059 
.3929 
-0,.037 
.4543 
0.097 
.0466 
.0 . .053 
.2810 

- - - ~.- - _. - - ---J --- --- ------ --- --- - -----...,..-- .....- ...... - --- ...- - ~~ ~-~ . 

GAIN2 GAIN3 GAIN4 HRTP LIVP SPLP KIDP TESP SCFP GOFP 

.. 

. 

0.004 
.9293 

.. 

0.085 0.353 
. .0816 .0001 
-0.184 -0,247 -0.368 
.0002 .0001 .0001 
-0,013 .0.202 0.1.02 0.091 
.7949 .0001 .0362 .063.0 
-0.246 -0.099 -0.104 0.171 0.345 
.0001 .0435 .0326 .0004 .0001 

. . 

0.163 0.044 -0.176 .0.213 0.111 -0.067 
.0008 .3677 . .0003 .0001 .0232 .1716 
-0.181 -0.204 -0.193 0.128 -.160 0.045 0.011 
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Genotype Analysis 

The M16iJM16i genotypic frequencies for all markers analyzed are presented in 

Appendix 5. The frequency for CASTIM16i individuals are simply calculated as 1-

Fr,equency M16i1M16i. AU markers for chromosomes 2 and 15 followed the expected 1: 1 

Mendelian ratio (P > .05). The frequency ofM16i1Ml6i, as well as M16i1CAST 

individual:s ranged from approximatdy 47 to S3 % on chromosomes 2 and 15. 

Marker Mapping 

The sex-pooled recombination rates between markers are described in Appendix 5. 

The sex-averaged, female, and male map distances (cM) between markers are illustrated 

for chromosome 2 (Appendix 3) and 15 (Appendix 4) genetic linkage maps. The maJe and 

female recombination rates between markers can be calculated by taking the difference 

between the marker values given in Appendixes 3 and 4. The smaUest interval between 

adjacent markers was 1.9 cM (D2MITI03 to D2MIT133; DI5:MITll to DI5:MIT131), 

while the largest one was 12.83 cM (D2MIT120 to D2:MIT157). A Chi-square test 

revealed no significant differences between the estimated male and female genetic linkage 

maps for both chromosomes. The test statistics for chromosome 2 (10.63) and i5 (7.06) 

were much lower than the published table values of28.87 (18 d.f) and 15.51 (8 d.f), 

respectively (P < .05). For chromosome 2, the total female (100.43 cM) and male (97.67 

65 



cM) linkage distances differed only slightly, but the chromosome 15 total linkage distance 

differed by H.B eM (female, 47.72~ male, 58.85). 

The estimated genetic linkage map marker values can be compared to those 

estimated for the Wl!MIT-CGR map previously described (Copeland et al., 1993~ The 

Jackson Laboratory Mouse Genome Database; 1995). An estimated linkage maps in this 

study have the proximal marker standardized as to be in the same location as that marker 

on the WJJMIT -CGR map. The ,estimated marker placements between the WIlMIT-CGR 

maps and those calculated here by recombination rates (sex-averaged) are very similar. 

The Largest marker disagreements were 7.94 eM (D2MIT120) for chromosome 2 and 8.69 

eM (D15MIT3) for chromosome 15. Even with these differences, the entire chromosome 

lengths for 2 and 15 differed by 0.49 and 4.13 cM, respectively. 

OTL Localization - ANOV A 

Single marker analysis: Marker genotype ,effects on phenotypic characteristics 

(least-squares means and F-value,s) are presented in Appendix,es 12 and 13 for 

chromosome 2 and 15, respectively. Even though four graphs were plotted for all traits 

(see materials and methods), only the F-values are presented (Appendix.es 14 and 15 for 

chromosomes 2 and 15, respectively). Because aU graphs depicted the same approximate 

locations for QTL. The following significance levels were utilized for all traits graphed 

except TESP: P < .05 (F> 3.867), P < .01 (F> 6.705), and P < .001 (F> 1l.006). For 
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TESP, the following levels were used in detennining significant individual marker effects: 

p < .05 (F> 3.901), P < .01 (F> 6.799), and P < .001 (F> 11.247). 

A summary for ANOV A results for all traits is presented in Table 4 and 5 for 

chromosomes 2 and 15, respectively. The number of significant markers at a specific 

significance level,. as well as the marker expressing the largest efFect on that phenotypic 

trait and its location on the chromosome are displayed in Table 4 and 5. 

Table 4. Summary of Analysis of Variance Procedures (Significant Marker Quantity) 
T ' £ L'nk fI d' 'd aiM k QTLfi T' ehr 2 estmg or 1 age 0 n lVi' u ar ers to or ralts on omosome . 

Marker Number at Significance Level Largest Effect· 
Trait ! P <0.05 P < 0.01 P < 0.001 Marker Location (cM) 

DAY12 17 9 3 D2:MIT25 83 .82 I 

WIG 16 10 1 D2MITI66 65.53 
WK6 

I 
11 9 4 D2:MIT37 40.36 

WK9 20 18 16 D2MIT164 58..41 
WK12 18 17 16 D2MIT224 61.02 

I 

GAIN 1 1 0 0 D2NDSI 49.15 
GAIN2 16 15 10 D2:MIT37 40.36 
GAIN3 , 16 ] 5 14 D2MIT49 75 .03 
GAIN4 14 12 8 I D2MIT166 65.53 
HRTP 12 11 11 D2MITI64 58.41 
LIVP 7 3 0 . D2MIT164 58.41 
SPLP 10 9 4 ; D2MIT22 68.38 

I 
KIDP 17 17 16 I D2MIT166 65 .53 
TESP 14 4 3 I D2MIT120 15.18 
SCFP 17 16 15 . D2MIT49 75.03 

, 

GOFP 16 15 15 D2MIT22 68.38 
FATP 17 15 15 L D2MIT49 75 .03 
a Marker linked to a QTL with the largest effect on each trait. 

For chromosome 2, a large number of markers (> 8) were significant at the P < 

.001 level for all fat percentage traits, the later two body weights, the last three growth 

rate periods, and two organ percentages (HRTP and KIDP). There were only three traits 
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with more than 8 significant markers at the P < .001 level on chromosome 15: WK9, 

GOFP, and F ATP. A lower number of significant DNA markers for chromosome 15 

compared to chromosome 2ean mainly be attributed to the fact that fewer markers wer.e 

analyzed on 15. HRTP, LIVP, SPLP, and TESP did not have any significant markers at 

the P < .05 level or lower. 

Table S. Summary of Analysis of Variance Procedures (Significant Marker Quantity) 
Testing for Linkage of Individual Markers to QTL for Traits on Chromosome 15. 

Marker Number at Significance Level Largest Effect· 
Trait 0.05 0.01 0.001 Marker Location (cM) 

DAY12 1 0 0 DI5MIT131 7.64 
WK3 3 2 0 DI5MIT131 7.64 
WK6 9 2 0 D15MITI07 27.83 
WK9 10 10 8 D15MIT107 27.83 
WK12 10 10 7 DlSMITI07 27.83 
GAIN 1 9 5 2 DlSMIT131 7.64 
GAIN2 3 1 0 DlSMITI07 27.83 
GAIN3 5 1 0 D15MIT34 47.72 
GAIN4! 1 0 0 PPAR-alpha 32.80 
K1DP 9 9' 0 D15MIT64 22.07 
SCFP lO 9 2 DI5MlT131 7.64 
GOFP 10 10 8 D15MlT64 22.07 
FATP lO 10 8 D15MIT64 22.07 

Marker linked to a QTL with the largest effect on each trait. 

Table 6 and 7 illustrates the significant sex by marker interactions observed for the 

pbentoypic traits analyzed on chromosomes 2 and 15, respectively. Five traits on 

chromosome 2 had significant sex by marker interactions: GAIN3, LIVP, KIDP, SCFP, 

and GOFP. For GAIN3, the most proximal 3 markers were significant (P < .05) where 

there was a clear advantage for males (MM) over females in having higher growth rates. 

Even though the M:M genotypic class had a better growth rate in males, th.e Me 
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individuals had the advantage in females. A similar pattern was observed for LIVP; 

however, markers were significant at P < .01 (B and C) and P < .001 (A) in addition to P 

< .05 (0). Once again a similar trend was exhibited for KIDP as that identifi.ed for 

GAIN3, with significant sex by marker interactions (P < .05). 

Table 6. Least-Squares Means and F-Values for all Traits with a Significant Sex X 
M k I . U' ANOVA Chr 2 ar er nteractlon smg on omosome 

Male Female 
Trait MM- MCb MM MC Marker 

I 

F-Valuec 

GAIN3 8.483 ±.313 7.077 ± .324 
8.352 ± .323 7.287 ± .315 
8.403 ± .328 7.259 ±.313 

LIVP 7.814 ± .068 7.503 ± .071 
7.815 ± .07 7.525 ± .068 
7.812 ± .072 7.532 ± .068 
7.809± .073 7.544 ± .066 

KIDP .879± .012 .847 ± .012 
.875 ± .012 .854 ± .012 

SCFP .578 ± .029 .645 ± .03 
.573 ± .03 .643 ± .029 
.585 ± .03 .63 ± .029 
.609 ± .031 .607 ± .028 

GOFP 1.343 ± .043 1.007 ± .041 
1.337 ± .041 .997 ± .042 
1.367 ± .043 .991 ± .04 
1.37 ± .042 .988 ±.04 
1.374 ± .042 .985 ±.04 , 
1.383 ± .042 .983 ± .039 
1.386 ± .042 .982 ± .039 
1.379 ± .041 .977 ± .04 

_ M16iJM16i individuals 
b M16i1CAST individuals 

4.155 ± .314 4.318 ± .34 
4.11 ± .311 4.381 ± .347 
4.141 ± .313 4.346 ± .343 
7.433 ± .068 7.623 ± .. 074 
7.449 ± .067 7.608 ± .075 
7.455 ± .068 7.601 ± .075 
7.48 ± .071 7.573 ± .072 
.761 ± .012 .787 ± .013 
.76 ± .012 .788 ± .013 

! .579 ± .03 .506 ± .032 
.586 ± .029 .496 ± .032 
.599 ± .029 .481 ± .032 
.. 618 ± .03 .469 ± .. 031 
..539 ± .042 .383 ± .042 
.544 ± .042 .379 ± .041 
.542 ± .042 .38,2 ± .041 
. .552 ± .041 .375 ± .04 
.546 ± .041 .381 ± .04 
. .571 ± .041 .352 ± .04 
.569 ± .041 .359 ± .04 
..572 ± .041 .36 ± .039 

C Significant F-Values: P <.05 (1), P < .01 (2), and P < .001 (3) 

A 5.63 1 

B 4.13 1 

C 4.181 

A 12.073 

B 9.892 

C 8.822 
D 6.18m 

A I 5.351 I 

C 4.011 

A 5.151 

B 6.892 

C 6.992 

D 5.891 

H 4.34· 
I 4.23 l 

J 6.46~ 

K 5.971 

I L 7.212 I 
I 

I M 4.70m 
I 

5.401 i S i 

T 5.291 

The SCFP sex by marker intraction gave the advantage (lower fat per,centage) to 

these same genotypic dasses (M16iJMI6i, males; and MI6i1CAST; females). For these 
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genotypic classes, the females compared to the males had leaner carcasses. However for 

GOFP, there was an advantage for the M16i1CAST individuals (females better than males) 

since they exhibit a smaller fat percentage. Also, this influence was identified by markers 

more distally on chromosome 2. Interactions were significant at P < .05 and P < .01 levels 

for both fat percentage traits. 

For chromosome 15, six traits were influenced by significant sex by marker 

interactions (Table 7). All interactions were at P < .05 except for one marker affecting 

KIDP (P < .01). The M16i1M16igenotypic class compared to MI6i1CAST showed an 

increase in WK3 body weight for both males and females, with the females having a slight 

advantage (increased body weight) over the males. A similar case was observed for 

GAIN 1 ; however the two male genotypic classes were almost of equal magnitude. The 

female M16i1M16i genotypic class possessed higher body weights than the males .. 

For GAIN2, the M16i1M16i (male) and M16iJCAST (female) individuals 

expressed the higher growth rates; the males were at an advantage (increased growth rate) 

over the females. The M16i1CAST genotypic class (male and female) displayed an 

advantage over their corresponding M16iJMJ6i individuals for both KIDP and GOFP. 

The males had the advantage (larger size) for KlDP, but the females possessed leaner 

carcasses for GOFP. For FATP, results were similar as those for GOFP. where the 

M16i1M16i individuals (male and female) exhibited a greater total fat percentage than their 

corresponding M16i1CAST individuals. Overall, the female Ml6iJCAST individuals had 

the lean carcass advantage. 
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Table 7. Least-Squares Means and F-Values for all Traits with a Significant Sex X Marker 
1nteract' U' ANaVA Chr 15 Ion smg on omosome 

Male Female 
Trait MMa MCb 

WK3 12.88 ± .16 12.77 ± .14 
12.89 ±.I5 12.76 ± .15 
12.89 ± .15 13.02 ± .16 

GAIN 1 5.55 ± .112 5.59± .11 
5.6 ± .115 5.55 ± .106 
5.6 ± .114 5.55 ± .10S 
5.57 ± .Il7 5.57 ± .108 
5.76 ± .115 5.57 ± .107 
5.55 ± .112 5.6± .109 
5.57 ± .113 5.58 ± .11 
5.56 ± .109 5.58 ± .115 
5.63 ± .108 5.7 ± .119 

GAIN2 22.33 ± .38 20.61 ±.37 
22.12 ±.39 20.89 ± .36 
22.15 ±.39 20.84 ± .37 
22.15 ±.4 20.86 ±.37 
22.25 ±.39 20.77 ±.36 
22.24 ±.38 20.71 ±.37 
22.37 ±.38 20.59 ±.37 

KIDP .830 ± .012 .896 ± .012 
.825 ± .012 .897 ± .Oll 
.829 ± .012 .895 ± .Oll 
.83 ± .012 .893 ± .Oll 
.831±.012 .895 ± .012 

GOFP 1.3 ± .042 1.04 ± .041 
1.29 ± .044 1.07 ± .04 
1.29 ± .043 1.06 ± .041 
1.31 ± .044 1.05 ± .041 
1.31 ± .043 1.05 ± .04 
1.3 ± .042 1.05 ± .041 

FATP 1981 ± 65 1582 ± 64 
1989 ± 68 1595 ± 63 

a 

b 
M16i1Ml6i individuals 
M16iJCAST individuals 

MM MC 

13.05 ± .16 12.33 ± .15 
13.07 ± .16- 12.32 ± .15 
13.02 ±.]7 12.48 ± .16 
5.71 ± .113 5.25 ± .116 
5.75 ± .115 5.22 ±.113 
5.76 ± .115 5.22 ± .113 
5.76 ± .115 5.22 ±.113 
5.73 ± .116- 5.25 ±.113 
5.74 ± .116- 5.24 ± .114 
5.72 ± .116 5.25 ± .114 
5.7 ± .112 5.25 ± .116 
5.73 ± .122 5.33 ± .118 
17.27 ± .38 17.45 ± .39 
17.13 ±.39 17.51 ±.38 
17.15 ± .39 17.55 ±.38 
17.22 ± .39 17.46 ±.39 
17.24 ± .39 17.46 ±.38 
17.36 ± .39 17.31 ±.39 
17.41 ± .39 17.34 ±.38 
.769 ± .012 .778 ± .012 
.772 ± .012 .776 ± .012 
.769 ± .012 .778 ± .012 
.768 ± .012 .779 ± .012 

" 

.766 ± .012 .781 ± .012 
; .478 ± .043 .435 ± .043 

.479 ± .044 .433 ± .043 

.485 ± .044 .429± .043 

.48 ± .044 .429 ± .042 

.488 ± .044 .427 ± .042 

.502 ± .043 .42 ± .043 
;1 1046 ± 66 961 ± 67 
'I 1062 ± 67 940 ± 66 

Significant F-Values: P < .05 (1), P < .01 (2), and P < .001 (3) 

Marker F-Valuec 

B 3.981 

C 4.091 

J 4.1SI 

A 4.791 

B 4.351 

C 4.491 

D 5.341 

E 4.411 

F 5.651 

G 4.291 

H 4.141 
J 3.941 

A 6.101 

B 4.691 

C 4.921 
D 3.871 

E 4.881 

F 3.981 

G 4.881 

A 5.451 

B 7.982 

C 5.5S1 

E 4.591 

F 4.oi 
A 6.2i 
B 3.981 

C 4.461 

D 5.911 
E 5.151 

G 4.041 

A 5.641 

D 4. 151 

The estimated QTL position (P < .0 I) for the various traits analyzed are shown in 

Tables 8 and 9 for chromosomes 2 and 15, respectively. The QTL location was estimated 
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by the marker which exhibited the largest effect on the various traits. This was determined 

by taking the difference between least-squares means for the two genotypic classes. At 

the P < .01 significance level, all traits on chromosome 2 had a QTL except GAINl . 

DAY12 GAIN4, HRTP, LIVP, SPLP, and TESP did not have a QTL ,estimated from the 

ANOVA procedure for chromosome 15. 

In addition, the genotypic class which resulted in an increase in body weight or fat 

percentage for the traits (referred to as an 'advantage') is given in Tables 8 and 9 for 

chromosomes 2 and 15, respectively. M16iJCAST individuals illustrated an increase in 

early body weights and organ weight percentages, the M16iJ.M16i class had an increase in 

late body weights, growth rates, and fat percentages for chromosome 2. On the other 

hand for chromosome 15, M16iJM16i individuals displayed an increase in aU phenotypic 

traits listed except KIDP and SCFP. 

For QTL placement using analyis of variance procedures (Appendix 14 and 15 for 

chromosome 2 and 15, respectively), profiles which display flat, wide significant regions 

ar'e suspected to contain more than one QTL. This may be the case for WK9. WK12, and 

HRTP since possible second QTL are localted at 75.03, 70.04, and 49.15 eM, respectively 

on chromosome 2. The second QTL for WK9 and WK12 are most H~ely the same gene. 

Because there is a rugh correlation between the two traits and that they are both late body 

weight traits. The second QTL for WK9 and WKI2 may have pleiotropic action where .. . 

this locus is the same gene controlling GAIN3, SCFP, FATP, WK.3, GAIN4, SPLP, 

KIDP, and GOFP. 
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In addition, two traits for chromosome 15 (KIDP and SCFP) may be affected by 

more than one QTL at 12.45 and 7.62 cM, respectively. As for chromosome 2, these 

second QTL may have pleiotropic actions on WK3 and GAIN1 . However for this 

mapping approach, the number of QTL cannot be dearly established if the QTL are 

relatively close on the chromosome. 

Table 8. Summary of Analysis of Variance Procedures (QTL Location) Testing for 
Link fInd· . d al M k QTL r. T·· Chr 2 age 0 IVI U ar ers to or ! ralts on ·omosome 

Trait QTLa (eM) Effectb (Marker) AdvantageC % Variationd 

DAY12 83.82 0.27 (D2MIT25) M16iJCAST 3.52 
WK3 65.53 0.43 (D2MIT166) M16iJCAST 2.04 
WK6 40.36 1.65 (D2MIT37) M16i1M16i 3.71 
WK9 58.41 3.25 (D2MIT164) M16i1M16i 12.24 

WK12 61.02 4.08 (D2:MIT224) M16i1M16i 15.36 
GAIN2 40.36 1.96 (D2MIT37) M16i1M16i 6.44 
GAIN3 75.03 1.77 (D2:M1T49) M16i1M16i 7.28 
GAIN4 65.53 1. 11 (D2MIT166) M16i1M16i 6.60 
HRTP 58.41 0..0.56 {D2MIT I 64) M16iJCAST 6.55 
LIVP 58.41 0..2 (D2MITI64) M16i1M16i 2.14 
SPLP 68.38 0..0.58 (D2MIT22) M16iJCAST 4.74 
KIDP 65.53 0..0.81 (D2MIT166) M16iJCAST 

I 
11.0.7 

TESP 15.18 0..0.28' (D2MITI20) M16iJCAST 10..16 
SCFP 75.0.3 0..24 (D2MIT49) M16i1M16i 15.58 
GOFP 68.38 0..31 (D2MIT22) M16i1M16i 12.37 
FATP 75.0.3 549 (D2MIT49) M16i1M16i 16.0.2 

a Estimated QTL location given in cM for the various traits. Only one QTL was 
estimated even if it appeared that two were present. 

b Effects of a marker linked to a QTL for the various traits presented as the difference in 
the least-squares means between the two genotypic c]asses (grams for all raw 
weights or % for all weights taken as a percentage ofWKI2). 

C Genotype whi,ch gives an increase in body weight or fat percentage traits. 
d Percentage of residual phenotypi,c variation explained by significant marker effects. 

Body weights: For chromosome 2, there appears to be a QTL for early body 

weight in the 66 to 84 cM range. Another QTL influencing later body weights was 
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estimated between 40 and 60 cM. The eMIy body weight gene gives an advantage (higher 

body weight) to Ml,6iJCAST individuals" but the late body weight QTL was an advantage 

in the M16i1Ml6i genotypic class. 

For chromosome IS, the QTL for all body weights were advantageous in the 

M16iIM16i individuals. The QTL efFect for WK3 was largest for a proximal marker at 

approximately 8 eM, but the remaining late body weights had a QTL estimated at a more 

distal marker (32 cM). For both chromosomes, ther,e appears to be early and late body 

weight QTL controlling the phenotypes observed for all individuals. 

Growth rates: The study of marker effects on growth rates provides a better 

understanding of the QTL affect throughout ontogeny. Genes have been estimat,ed which 

influence adult body weight during different periods of development (early and late 

growth). For chromosome 2,. a QTL was estimated around 65 to 75 eM for late growth 

periods, but a more proximal locus was identified at 40 cM for GAIN2. All the estimated 

QTL effects are beneficial in M16i1M16i individuals. As stated previously, GAINI did not 

have an estimated QTL from the ANOV A procedure. 

Similar results were observed for chromosome 15, where middle to late growth 

rate QTL were distally located at about 32 to 49 eM. The early growth rate was 

estimated very proximally at approximately 8 cM. Once again, all the growth rate QTL 

were advantageous in the M16i1M16i genotypic class. 

Organ wei.ght percentages: QTL were estimated for all organs except TESP in 

the range of 58 to 68 cM on chromosome 2. The estimated QTL for TESP was very 
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proximally located at 15 eM. Theestimat,ed organ weight percentage QTL are all 

favorable in the M16i1CAST individuals except for LIVP. 

Only one organ weight percentage QTL was identified on chromosome 15 

(KIDP). This QTL was located at about 24 cM, and was beneficial in the M16iJCAST 

genotypic class. 

Table 9. Summary of Analysis of Variance Procedures (QTL Location) Testing for 
Link fI d""d I Ma k QTL t4 T" Chr 15 age 0 n tVl ua r ers to or ralts on omosome 

Trait QTe(cM) Effeetb (Marker) AdvantageC 
I 

% Variationd 

WK3 7.62 0.44 (D15MIT131) M16iJM16i 2.11 
WK6 32.3 1.3 (D15WTI07) M16iJM16i 2.37 
WK9 32.3 1. 89 (D I 5MIT107) M16iJM16i 4.38 

WK12 32.3 2.23 (D1SMIT107) M16i1M16i 4.81 
GAINI 7.62 0.3 (DlSMIT131) I M16iJM16i 1.75 
GAIN2 32.3 1.07 (D15MITI07) M16iJM16i 1.97 
GAIN3 48.97 0.91 (D15MIT34) M16iJM16i 1.70 
KIDP 23 .99 0.04 (DI5MIT64) M 16i1CAST 

, 

2.69 
SeFP 7.62 0.104 (D15MIT131) I MI6i1CAST 3.01 
GOFP 23.99 0.181 (D1SMIT64) M16i1M16i 4.32 
FATP 23.99 283 (D 15MIT64) M 16iJM16i 4.S7 

a Estimated QTL location given in eM for the various traits. Only one QTL was 
estimated even if it appeared that two were present. 

b Effects of a marker linked to a QTL for the various traits presented as the difference in 
the least-squares means between the two genotypic classes (grams for all raw 
weights or % for all weights taken as a percentage ofWK12).. 

C Genotype which giv,es an increase in body weight or fat percentage traits. 
d Percentage of residual phenotypic variation explained by significant marker ,effects. 

Fat pad weight percentages: Ther1e appears to be a QTL on chromosome 2 for 

all of the fat traits (SCFP, GOFP, and FATP) at approximately 68 to 75 eM. This QTL is 

advantageous in the M16i1M16i individuals. 

For chromosome 15, a QTL for SCFP was estimated around 8 eM and a second 

QTL was identified for GOFP and FA TP at 24 eM. The SCFP QTL was favorable in 
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MI6i1CASTindividuaIs, while the QTL fDr the Dther two. traits was beneficial in the 

M16i1M16i genDtypic class. Due to the large phenDtypic cDrrelations for bDdy weights 

and fat pad weight percentages, the QTL observed fDr these traits may have a pleiDtropic 

effect in which the same gene may actually be cDntrolling both late body weights and fat 

pad weight percentages. 

For chrDmosome 2, the percent of residual phenDtypic variatiDn explained by 

significant DNA markers was between 2 and 15.5 % for grDwth, 2 and li.l % for organ 

weights, and 12 and 16.1 % for fat percentage. The body weight QTL ,effects increased 

greatly for chromosome 2" depending on the time at which they were expressed. The 

QTL effects on early body weights were rather small~ however, 9 and 12 week body 

weights had QTL effects which explained a much larger portion of the phenDtypic 

variation. A large portion of the phenotypic variation was explained by significant 

markers fDr fat percentage on chromDsome 2 (15 %). 

For chrDmDsDme ]5, markers explained between 1.7 and 4.9 % fDr all traits listed. 

An increase in the residual phenotypic variation explained by significant markers was also. 

exhibited for chromDsome 15. but the relative increase was nDt as drastic between early 

and late bDdy weights. A much smaller portion of the phenDtypic variation was explained 

Dn chromosome 15 (4 %) compared to that seen for chromosDme 2. 

Appendixes 16 and 17 show the least-squares means for the abDve listed traits 

calculated with marker intervals Dn ,chromDsome 2 and 15, respectiv'ely. Interval markers 

were defined as adjacent marker pairs used in the ANDV A procedure. This was done 

starting at the most prDximal marker and moving toward the mDst distal marker on each 
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chromosome. As stated earlier, the least-squares mean differences for adjacent markers" 

as well as the actual least-squares mean for all individuals which possessed the M16i1M16i 

- M16i1M16i genotype for a marker p,air were graphed for all traits. However, these 

charts are not,included since they are very similar to plotting the F-values against 

recombination frequency. 

OTL Localization - Marker Regression 

To estimate QTL location for each trait, mean square residuals (lv.lSR) were 

plotted against map distance for chromosomes 2 and 15 (Appendix 18 and 19, 

respectively). A QTL is moved along the entire length of the chromosome with the QTL 

location representing the point where the mean squar,e residual is minimized. The QTL 

was then declared significant if the mean square regression F-value was significant. The 

cutoff level for these points was indirectly placed on the graphs by locating the 

corresponding MSR value. A disadvantage of this approach is that it only maps one QTL 

per trait. 

The estimated QTL locations with the nearest markers are summarized in Table 10 

amd 11 for chromosomes 2 and 15, respectively. AU traits evaluated had estimated QTL 

on chromosome 2. This was different than the results obtained from the ANOV A 

procedures. The triat not displaying a QTL for ANOVA (GAIN1) had an e.stimated QTL 

at 57 cM; the dista195 cM of the chromosome was significant. 
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For chromosome IS, aU traits studied had an estimated QTL except HRTP. This 

was the same for ANDV A; however in addition,. DAYI2, GAIN4, LIVP, SPLP, and 

TESP did not have QTL identified from the AND V A procedure. For these traits not 

estimating a QTL for ANOVA, marker regression methods resulted in 75 to 100 % oftlte 

chromosome having significant points for locating the QTL. Several traits for 

chromosome 15 had a wide region (1 to 5 eM) where the mean s.quare residuals were 

minimized. 

Table 10. Summary of QTL Location on Chromosome 2 Using Marker-Regression QTL Mapping 
Method. 

a 

b 

Traitt QTLa (eM) Markerb Trait QTL8 (eM) Markerb 

DAY12 85 D2MIT25 HRTP 60 D2MIT224 
WK3 64 D2MIT166 LIVP 56 D2MIT133 
WK6 46 D2NDSI I SPLP 69 D2MIT22 I 

WK9 59 D2M1TI64 KIDP 73 GHRH 
WK12 64 D2MIT166 TESP 17 D2MIT120 
GAIN! 57 D2MIT164 SCFP 73 GHRH 
GAIN2 51 D2NDSl GOFP 72 GHRH 
GAIN3 68 - 69 D2M1T22 FATP 72 GHRH 
GAlN4 72 GHRH 
QTL location indicated by the map position which yields the lowest mean square residual 

value. 
DNA marker nearest to the estimated QTL location. 

Table II. Summary of QTL Location on Chromosom.e 15 Using Marker-Regression QTL 
M . Method appmg 

II 

b 

Trait QTe(cM) Markerb Trait QTL"(cM) Markerb 

DAY12 I - 5 D15MITll GAIN4 40 PfAR-.alpha 
WIG 1-5 D I 5 MIT 11 LIVP 1-5 D15MITll 
WK6 30 D15MIT29 SPLP 48 D15MIT34 
WK.9 i 31 D15MITW7 KIDP 16 D15MIT86 

WK12 39 PPAR-alpha TESP 1 - 5 D15MITlI 
GAIN 1 9 D15MIT131 SCFP 17 D15MIT121 
GAIN2 33 D15MITI07 GOFP 25 Dl5MIT64 
GAm3 47 D15MIT34 FATP 24 D15MIT64 
QTL location indiC3!ted by the map position which yields the lowest mean squ.are residual 

value. 
DNA marker nearest to the estimated QTL location. 
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Body weights: For chromosome 2, the suggested idea from ANOV A procedures 

of an early and late body weight Q1L works well for the marker regression approach. 

These QTL were estimated in the same ranges (66 to 84 eM for early and 40 to 60 cM for 

late body weights) as those for ANOV A, e~cept that WK12 was located at the same 

position as WK3 which was not the case for ANOVA. 

For chromosome 15, early body weights were located in approximately the same 

area (1 to 8 cM) as those estimated for ANDV A. As previously mentioned, DA Y12 was 

not positioned for ANOV A procedures and was located at 1 to 5 cM for marker 

regression. The later body weights were all in a similar estimated region (30 to 39 cM). 

Growth rates: For chromosome 2, the later growth periods were approximated in 

the same range as that for ANaVA procedures (65 to 75 cM). The marker regression 

approach located early growth rate QTL in a range of 51 to 57 cM. ANOV A positioned 

on one early growth rate QTL (GAIN2) at about 40 cM. This is a difference of about 10 

cM between the two methods. For chromosome 15, the exact same regions for both early 

and late QTL were identified from the ANDV A and marker regression methods. 

Organ weight percentages: The QTL locations on chromosome 2 determined by 

marker r,egression only differ by 1 to 2 eM as those estimated from ANDV A. The lone 

exception is KIDP which differed between the two methods by 8 eM. 

The marker regression approach located QTL on chromosome 15 for LIVP, 

SPLP, and TESP which were not estimated from ANOV A procedures. The LIVP and 

TESP QTL were proximally identified around 1 to 5 eM. The SPLP Q1L was more 
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distally located at approximately 48 eM. KIDP QTL placement differed by 7 eM between 

the two methods .. 

Fat pad weight percentages: For chromosome 2, the estimates for all the fat pad 

weight percentages were in the same range as those estimated from ANOYA (68 to 75 

eM). 

For chromosome 15, the SCFP QTL estimate differed by 10 eM between the two 

methods. Marker regression located the QTL at 17 eM, but it was positioned at 7 cM 

from ANOY A procedures. The GOFP and F ATP location were exactly the same or only 

offby one cM between marker regression and ANOV A strategies. 

OTL Localization - Interval Mapping 

A marker linkage map in Table 12 was estimated for all markers on chromosome 2 

utili.zing the MAPMAKER computer program (Lander and Hotstein, 1989). This genetic 

linkage map (analysis by Dr. Zeng) can be compared to the map in Appendix 3 which was 

predicted by recombination frequency. 

Table 12. Estima1ied Genetic Linkage Map for Chromosome 2 Markers by MAPMAKER. 
Marker Location (eM) . Marker . Location (eM) 

D2MITl 2.35 D2MIT224 63.45 
D2MIT79 14.15 D2MIT166 67.75 

D2M1T120 16 . .35 D2MIT22 70.15 
D2MIT157 30.85 AGOUTI 70.85 
D2MIT61 34.65 GHRH 71.85 
D2MIT37 43.95 D2MIT49 75 .55 
D2NDSI 53.65 D2MIT25 I 85 .25 

D2MITI03 58.65 D2MIT147 88.95 

D2MITB3 59.65 D2MIT174 95.85 

D2MIT164 61.35 D2MIT200 100 .. 85 
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The marker estimates are very similar between the two maps. Two candidate genes, 

agouti and growth hormone releasing factor loci (see materials and methods) were 

genotyped and mapped to the region between markers D2MIT22 and D2"MIT49. 

Ioten'al mapping (MAPMAKER): The interval map for WK12, GOFP,. and 

multiple trait effects are illustrated in Figures 6, 7, and 8, respectively. For WK12, there is 

litde QTL by sex interaction (not significant). However, for GOFP and multiple trait 

analysis, there is a considerable amount of QTL by sex interaction between markers 

D2MIT133 (60 cM) and D2"MIT22 (70 cM). The largest interaction effect was seen at 

markers D2"MIT 164 (61 cM; LOD = 2.8) and D2MIT224 (63 cM;. LOD = 3.1) for GOFP 

and combined trait analysis, respectively. 
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Similar likelihood profile patterns were exhibited for separate and joint sex 

~ 

~ 
-.:I! .... 

mapping on WK12, with a majority of the chromosome displaying significant effects 

(LOD > 3.0). Largest genetic effects were at mark,ers D2MIT224 (63 eM) for female 

~ 

§ 
Q 
.::::. 

(LOD = 9.9) and joint (LOD = 16.0) mapping, and D2MIT49 (76 eM) for male(LOD = 

6.7) mapping. All estimated QTL for WK12 were located in a very wide range between 

markers D2NDSI (54 eM) and D2MIT25 (85 eM). 

For interval mapping on GOFP and combined trait analysis, a wide region (not as 

large as the interval displayed by WK12) of the chromosome exhibited significant genetic 

,effects. Joint (male and female) md male mapping strategies produced similar graphs, 

while separate mapping on females gave a comparable but shifted profile of about 9 eM. 
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For GOFP. marker D2MIT22 (70 eM) created the greatest genetic effect for male (LaD = 

10.2) and joint sexes (LaD = 14.6) mapping. The estimated QTL region was between 

markers D2MIT133 (60 eM) and D2MIT25 (85 eM). For separate mapping on females, 

this effect was between markers D2MIT49 (76 eM) and D2MIT25 (85 cM)~ LOD = 5.3. 
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28 

24 

22 

20 

1B 

. 16 

14 

12 

10 

6 

2 

-- ~oin1. nlappine GIn 'boUa tL· .. ll. wlt.b toW-Clil .oxe. 
. - - .J'oinl. rnappJne Gn. -lah, wl1.h 1.'1YO lI~xe .. 
.• _-_ • .Join.1. rn .. pp.lne 0 .0 i'.t. 'WIth t'W'o' _xe. 
--_. __ • Test. QTL x s.tx: hat..raoUon ~th t;wo trait-lit 

For WK12 and GOFP, joint mapping (both traits and sex,es) showed the largest 

effect at D2MIT224 (63 eM), and between D2MIT22 (70 eM) and D2MIT49 (76 eM); 

LaD = 22.4. Joint mapping on WK12 with two sexes had the same profile as both traits 

and sexes; however, only D2MIT224 (63 eM; LaD = 16) produced the greatest effect. 

For joint mapping on GOFF with both sexes, this effect was now between markers 
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D2MIT22 (70 cM) and D2MIT49 (76cM); LOD = 14.7. Estimated QTL for joint 

mapping with both sexes on two traits and WK12 are in an area between markers 

D2NDSI (54 cM) and D2MIT25 (85 cM). This region for joint mapping on fat with both 

sexes is between markers D2MITl64 (61 cM) and D2M1T25 (85 cM). 

Composite interval mapping: The composite interval map for WK12, GOFP, 

and combined effects are il.lustrated in Figures 9, 10, and 11, respectively. For 12 week 

body weight, there was little QTL by sex interaction (not significant), as seen previously 

with interval mapping. However, for GOFP and multiple trait analysis, there was a 

considerable amount ofQTL by sex interaction between markers D2NDSl (54 eM) and 

D2MIT166 (68 cM). The largest interaction effect was seen at marker D2MIT224 (63 

eM). 

Similar pattems were observed for the likelihood profiles ofWK12 when mapping 

the sexes separately and jointly. Two distinct peaks (QTL evidence) were located 

between markers D2NDSl (54 cM) and D2:MIT224 (63 cM); and D2MIT22 (70 ,eM) to 

D2MIT25 (85 cM). The LOD scores were lowest for male mapping (1.9, D2NDSl; and 

2.3, D2WT49) and largest for the joint mapping on both sexes (5.3, D2MIT224; and 4.6, 

D2:MIT 491D2MIT25). 

On the other hand, there was only an indication of one QTL for female and joint 

mapping ofGOFP. This was in the region of markers D2WT49 (76 eM) and D2MIT25 

(85 cM). The LOD scores were larger than that for body weight: separate mapping on 

femaJ,es (4.7) and joint mapping on both sexes (8.3). The male profile generated did not 
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follow the previous two, with a plateau being reached (LOD = 4.6) between markers 

D2MIT133 (60 eM) and D2MIT49 (76 eM). 
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For multiple trait analysis, the profiles for all mapping strategies displayed the same 

pattern. The same peaks and marker regions observed for WK12 were depicted in this 

graph. LOD scores ranged from 4.7 (joint mapping on fat) to 9 (joint mapping on both 

traits) for the proximal QTL and from 4.7 (joint mapping on weight) to 9.9 (joint mapping 

on both traits) for the distal QTL. The estimated QTL were between markers D2NDSI 
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(54 cM) and D2MIT166 (68cM) for the proximal QTL, and between markers D2MIT22 

(70 cM) and D2M1T25 (85 eM) for the distal QTL. 
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All graphs for composite interval mapping procedures resulted in more distinct 

peaks and regions for QTL compared to those detected by interval mapping methods. 

QTL effects were estimat,ed by multiple regression (Table 13) at the closest marker near 

the identified QTL. As stated ,earlier, there was a large QTL by sex int,eraction (+ 0.29% 

for male.s) by marker D2MIT224 (63 eM) for GOFP. Also presented in table 13 is the 

percent of residual phenotypic variance explained by these markers. The variance 

explained was very high (> 17%) for both traits analyzed on males and the GOFP mapping 
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on males~ however, the variation explained for GOFP on females was much lower (9%). 

The two QTL regions were not as well defined with the interval mapping procedures. 
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Table 13. Multiple Regression Estimates ofQTL Effects for Eac ex ralt eparatelY hS &T . S 1 
Trait Sex . QTL 1 by D2MIT224 QTL2 by D2MIT49 Variance explained (%) I 
WIG 2 Male 2.40 2.63 17 

Female 3.34 1.13 19 
GOFP Male 0.26 0.20 21 

Fema1e -0.03 0.26 9 
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Table 14 compares the four mapping methods at locating the QTL for WK12 and 

GOFP. The ANDV A, MR, and 1M procedures produced wide regions for 'ocating aU 

QTL. WK12 sections were always wider than GOFP. Very wide areas observed for 

WK12 suggest that there are multiple QTL for the trait being analyzed. However, these 

methods do not have the power to distinguish between one or more estimated QTL for a 

given trait. On the other hand, elM was able to determine separate QTL effects by clearly 

locating two QTL for WK12. All strategies were capable of locating the QTL in almost 

the same position for WK12 (ranged from 61 to 64 cM). QTL estimates differed by only 

9 eM for GOFP between all of the methods. eIM identified a possible se'cond QTL for 

male GOFP at approximately 63 eM due to the large QTL by sex interaction observed. 

Finally, the simpler ANOV A and :MIt procedures located the QTL in almost the same 

position as the more complicated IM method. 

TaJble 14. 
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CHAPTER V 

DISCUSSION 

Currently, research conducted in hopes of geneticaUy improving livestock is 

incorporating both quantitative and molecular genetic techniques. DNA molecular 

markers are being used in an attempt to locate QTL that control economically important 

traits. Knowledge gained about the genetic mechanisms causing the variation observed in 

body composition and growth rate between animals is very beneficial for both livestock 

and humans. For QTL mapping studies, the following three aspects need to be present: a 

widely segregating population for the traits of interest, chromosomal markers (i.e. RFLP, 

microsatenites), and statistical analyses to map the QTL. Identification of growth and 

obesity QTL in mice may expose candidate chromosomal regions harboring homologous 

QTL in livestock species and humans through comp.arative gene mapping strategies. 

Descriptive Statistics of Backcross Population 

For QTL mapping, the standard experimental strategy is to type individuals for 

molecular markers in at cross between two geneticaUy different strains in order to 

determine the degree of association between regions of the genome and the quantitative 
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trait value. Informative individuals have, concerning a target trait or gene, a maximal 

heterogeneity of trait values andlor related genotypes. The power in detecting QTL can 

be increased by selectively typing extreme individuals for the quantitative trait (Lebowitz 

et aI.,. 1987). Much greater phenotypic differences between groups contai.ning different 

marker alleles can be generated by mating widely segregating inbred lines. Interspecific 

crosses (involving a laboratory strain and a distantly related species of Mus) exploit the 

genetic diversity inherent between wild mouse species and common laboratory strains 

(Copeland et aI., 1993). 

The availabilty and use of selection lines (M16i) and wild lines (CAST) has 

advantageously produced a backcross population which exhibits extreme phenotypic 

variation. These initial parental populations were easy to distinguish between since they 

differ in body siz.e and fat percentage. Focusing on the coefficients of variation (CV) 

given for various traits helps to explain the large amount of variation observed in the this 

backcross population. There was a large change in the CV for growth periods as 

ontogeny progressed, .suggesting a QTL with larger effects on late compared to early 

growth. The QTL controlling growth and obesity are being expressed in the genotypic 

classes (M16i1M.16i and M16iJCAST) differently since there is a large degree of variation. 

Overall, the amount of variation within the population was quite large for all traits 

analyzed (> 14%). Therefore the first prerequisite stated above has been accomplished in 

the current QTL mapping study. 

The phenotypi,c correlation between two economically important traits can be 

influenced by inheritance, environment, or both. The environment has been controlled in 
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this study, such that aU of the animals were kept under the same conditions. When the 

correlation is mainly genetic, consideration must be taken about the idea of pleiotropy. 

Pleiotropy is probably the major cause of genetic correlations, although gene linkage may 

have an effect. Pleiotropy is the process whereby one gene may affect two or more traits 

at the same time. If pleiotropy is the cause of genetic correlations, the correlated traits 

wouWd be affected by at least some of the same physiological pathways. 

Under the assumption that the phenotypic correlation being comprised of mainly a 

genetic component, identified QTL may have pleiotropic effects on various traits. The 

correlations between all body weights were significant and positive. The highest was 0.947 

for WK9 and WK12. The association for aU fat percentage traits ranged from 0 .. 570 

(GOFP and SeFP) to 0.946 (GOFF and FATP). The correlation between WK12 and 

GOFP was 0.696. Eisen (1987) estimated the genetic correlation between epididymal fat 

pad percentage and WK12 to be high (0.57 ± 0.05). Due to these very large correlations, 

the suggested idea of pleiotropy must be taken into consideration for some of the 

discovered QTL. 

Mapping of Markers 

This research project developed a well-saturat,ed genetic linkage map with SSLP 

microsatellite markers and candidate lod for chromosomes 2 and 15 in the mouse. This 

accomplished the second requirement for a QTL mapping experiment. The mapping 

population consisted of a large segregating backcross population produced from the initial 
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mating ofM16i and CAST lines. All markers for both chromosomes followed the 

expected 1: 1 Mendelian ratio, according to the Cm-square test. This indicates that no 

systematically signilkant errors were made when genotyping the population. Errors could 

have developed during PCR amplification of the-alleles or when visually genotyping the 

individuals on agarose gels. 

Segregation distortion is a possible second reason for not obtaining a 1: 1 

Mendelian ratio. Transmission ratio distortion, the occurrence of non-Mendelian ratios 

for some loci, has been observed in plants and animals. Segregation distortion was 

observed in a backcross population of mice (Biddle, 1987). There was a defici,ency of 

males carrying the intact X chromosome from C3H1HeHa. In an interspecific backcross 

between C57BL/6J and Mus spretus, distortion was reported for chromosomes 2, 4, and 

10 (Siracusa et aI., 1989~ Ceci et aI., 1989; Justice et al., 1990). There was consistently an 

excess of Mus spretus alleles inherited. The mechanism resp,onsible for segregation 

distortion may result from differential embryo survival caused by various combinations of 

strain alleles (Copeland et al., 1993). , Since no deviations from Mendelian ratio were 

observed in this study, it can be concluded that no segregation distortion occurred in the 

population. 

Genetic linkage maps were estimated by determining recombination frequencies for 

adjacent marker pairs (male, female, and sex-averaged). This was accomplished by using 

SAS (1989) to calculate the total number ofheterozygotes, dividing this number by the 

total number of progeny (n = 421). A Chi-squar,e test resulted in no significant differences 

between the estimated male and female genetic linkage maps for both chromosomes. 
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Linkage analysis was performed for this backcross population since differences in 

recombination rate could exist between sexes and populations. Overall the recombination 

distances appear larger in female than in male meiosis~ however, some chromosomal areas 

have greater male recombination distances (Davisson and Roderick, 1989; White et aI., 

1985; Donis-Keller et al., 1987). 

In mice, a small inversion was found in the proximal region of Mus spretlLls 

chromosome 17 (Hammer et aI., 1989). The mouse gene-based and SSLP maps described 

by Copeland et al. (1993) have estimates for total genetic length less than those expected. 

For the gene-based map, small inversions and other rearrangements between C57BU6J 

and Mus spretus chromosomes may suppress recombination. There may also be some 

recombinational suppression in the cross used to obtain the SSLP map. Marked 

differences in the recombination rates between sexes were identified in the PiGMaP' 

(Archibald et al., 1995). Ellegren et at (1994) reported that male pigs hav,e a shorter 

genetic map. The most .striking difference was for a region on chromosome 1, lying 

between markers S0122 and S0313, which had a 45 cM difference between the sexes 

(Archibald et al.,. 1995). For the genetic linkage map oftbe human genome, the autosomal 

genetic map was about 90 % longer in females than in males (Donis-Keller et al., 1987). 

Substantial female excess was not observed for chromosomes 14 (none) and 10 (18 %). 

The previously explained procedure identi.fied markers in similar locations to those 

suggested by the WI/MIT -CGR map (Copeland et aI., 1993). This was beneficial since 

markers (and candidate genes) were initially selected from the estimates presented in the 

WIIMIT -CGR map. The chromosome 2 candidate genes (agouti and growth hormone 
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releasing hormone) were offby approximately 16 cM between the MAPMAKER (Lander 

et a1., 1987) and WIlMIT-CGR maps. The candidate gene estimates from this research 

project may provide valuable infonnation for previously published maps. Finally, the 

simple method of dividing the number ofheterozygotes by the progeny number resulted in 

almost the same estimates for all markers and candidate genes as those estimated by 

MAPMAKER (Lander et at. 1987). The method of utilizing SAS may be more 

convenient for some individuals who do not have access to MAPMAKER (Lander et aI., 

1987). 

Comparing the recombination rate (sex-averaged) and WIlMIT -CGR linkage 

maps, the largest marker disagreements were about 8 and 9 eM for chromosomes 2 and 

15, respectively. The largest deviation between MAPMAKER (Lander et aI., 1987) and 

sex-averaged maps was around 4 cM. All of the large deviations for marker locations 

between the various maps were SSLP markers which were outside of the putative QTL 

region.. This was important since the estimated QTL locations are more reliable for use in 

future research projects than if the large deviations were near the QTL region. Even with 

these differences, the enitre chromosome lengths for 2 and 15 differed by no more than 1.2 

and 4.1 cM, respectively. The approximate map estimates were similar since both 

populations utilized the same mating individuals (common laboratory strain and a distantly 

r,elated species of Mus). 

Statistical Analyses Comparisons 
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Body weigbts:When comparing the ANOV A and marker regression procedures 

for chromosome 2, all estimated body weight QTL except WK6 were in approximately the 

same location (± 1 or 3 eM). The WK6 QTL placement differed by only about 6 cM. 

There appears to be a QTL for early body weight in the 66 to 84 cM range.. Another QTL 

influencing later body weights was estimated between 40 and 60 eM. 

WK12 was the only trait which could be compared for all QTL mapping methods. 

All methods placed the WK12 QTL around 61 to 64 eM. Composite interval mapping 

was the only process to identify a second QTL for WK12 at approximately 78 eM. The 

growth hormone releasing hormone was estimated to be at approximately 71.5 cM in this 

backcross population, making it a very likely gene to be controlling body weight. Also, the 

agouti locus located at about 70 eM is a second candidate gene for body weight. Obese 

mice often attain weights of 80 g and approximately 90 % of the excess weight is due to 

fat (Kandutsch and Coleman, 1975). 

For chromosome 15, both ANa VA and marker regression strategies identifi.ed 

early body weight QTL (WK3) on the proximal end at about 8 cM and late body wei.ght 

QTL (WK6, WK.9, and WK12) on the distal end (32 cM). Early body weight estimates 

(WK.3) differed anywhere from about 2.5 to 6.S cM since marker regression mapping 

placed the QTL at 5 adjacent postions. At these points, the MSR were all at the same 

minimum value. The later body weight QTL ranged from 1 to 7 eM, depending on which 

period was analyzed (greatest deviation for WK12). 

For both chromosomes, there appear to be early and late body weight QTL 

controlling the phenotypes observed for all individuals. The early body weight QTL were 
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given an advantage in the M16i1CAST individuals and the late body weight QTL were 

beneficial in the M16iIM16i genotypic class. Several studies have identified M16i mice as 

being larger than controls at weekly ages from birth to 16 weeks (Eisen et al., 1977; Eisen 

and Leatherwood, 1978; Eisen, 1986). In addition, at 75 % of mature size, M16i males 

weighed 49 g at 45 days of age while controls weighed 29 g at 34 days of age (Eisen, 

1986). Ther,efore, M16i mice grow at a much accelerated rate and are later maturing 

compared to controls. 

The strain of wild origin (CAST) needs to grow fast in order to survive in nature; 

hence the early body weight advantage given to the M16iJCAST individuals. Also, the 

M16i1M16i genotypic dass has an advantage for the later body weights due to them 

maturing later. This evidence supports the idea of early and late genes controlling body 

weight. However since this research was conducted for a backcross population, one is 

unable to measure the dominance effects. If the study was for an F2 population, the mode 

of gene action could be determined for the idea of early and late body weight QTL. This 

project was supposed to be an F2; however, not enough Fl males were obtained for the 

backcross mating. 

Growth rates: The estimated QTL for growth periods on chromosome 2 varied 

from 7 to 11 cM between ANOVA and marker regression strategies. The early growth 

QTL (GAIN2) was located proxitmally around 40 to 51 eM. The later growth periods 

(GAJN3and GAIN4) were identified in a more distal position approximately at 65 to 75 

eM. The marker regression approach identified a QTL for GAINI at 57 cM. 
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For chromosome 15, there was less of a deviation for estimated QTL than that 

observed for chromosome 2 (0 to 2 eM) between the two methods. GAINI was located 

very proximally at approximately 8 eM. The rnid-Jo late-growth rate QTL were identified 

distally at about 32 to 49 eM. 

The study of marker effects on growth rates provides a better understanding of the 

QTL effeet throughout ontogeny. Genes have been estimated which influence adult body 

weight during different periods of development: early and late. As previously stated, the 

fact that M16i mice are larger and later maturing than controls helps to support the early 

vs. late hypothesis. In addition, the correlations between the various growth rates and 

their corresponding body weights are all above 0.53. The body weight QTL may have a 

pleiotropic effect on growth periods. 

Organ percentages: For chromosome 2, the QTL estimates between ANOV A 

and marker regression varied by only about 1 or 2 eM for HRTP, LIVP, SPLP. and TESP. 

The estimated QTL for TESP was very proximally located at 15 to 17 eM. AU other 

organ QTL were located in the range of 56 to 68 eM. However, the estimated KIDP QTL 

differed between the two methods by around 7 eM. 

The KIDP QTL differed between the two methods by approximately 8 cM for 

chromosome 15. This QTL was positioned between the range of 16 to 24 eM. The 

marker regression method located QTL for LIVP (l - 5 eM), SPLP (48 eM), and TESP (1 

_ 5 eM). Some of the genes which control body weight may be the same ones that affect 

various organ weights. All organ weights were standardized, so one cannot conclude that 

the organs were bigger just because the animals were larger in size. However, some of the 
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same hormones and chemicals produced in these organs are involved in the biological and 

physiological mechanisms controlling body weight and fat percentage. Therefore, an 

increase in body size or lipogenic activity may result in greater production of these 

honnones and chemicals. 

Fat p,ercentages: Both ANDV A and marker regression estimated all the 

chromosome 2 fat percentage QTL in the. same region (± 2 to 4 cM). These estimated 

QTL are located on the distal end around 68 to 75 eM. The estimates ofGOFP QTL for 

all four mapping methods varied from 2 to 9 cM, placing the QTL anywhere between 68 

and 77 eM. There appears to be one QTL controning both fat percentage traits in males 

and females. However, a likely second QTL for male GOW (+ 0.29 % for males) was 

identified from CIM: methods at approximately 63 cM. This QTL may control both SCFP 

and GOFP. The correlation between seFP and GOFP was determined to be 0.57. 

Several studies have associated the agouti gene with obesity (Wolff, 1965~ Odakaet at, 

1992). The agouti locus was estimated to be at -approximately 70 cM in this backcross 

population, making it a very likely gene to be controlling fat percentage. 

For chromosome 15, GOFP QTL estimates only differed by 1 eM and were the 

same for the F ATP QTL when comparing the ANOV A and marker regression strategies. 

These QTL were identified in an area around 24 to 25 eM. On the other hand, the 

estimates for the SCFP QTL differed by about 9 eM between the two methods. The 

SCFP QTL was estimated to be around 8 and 17 eM for ANOV A and marker regression 

methods, respectively. 
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In mice, a dietary obesity QTL (LOD score of3.93) has been linked to markers 

D15NDS2 and D1SMIT22 on chromosome IS in mice (West et ai., 1994a). The Ghrwas 

a candidat,e gene for thlsQTL which was designated as Do3. The Ghr locus was mapped 

to the 10.2 ,cM point by Barton et aL (1989). This candidate gene may be controlling the 

SCFP QTL whiich was identified in a range of 8 to ] 7 cM. In addition, a second possible 

candidate locus for the resulting obesity (GOFP QTL; - 25 cM) identified on chromosome 

15 may bePPAR-a/pha. The gene was identifed at 32.8cM in the backcross population 

utilized in this study. This locus is capable of activating the promoter of the acyl 

coenzyme A oxidase g,ene (Dreyer et aI., 1992). 

Due to the large phenotypic correlations for body weights and fat pad weight 

percentages, the Q1L observed for these traits may have a pleiotropic effect as earlier 

described. For both chromosomes,. the same genes may actually be controlling both body 

weights and fat pad weights. For chromosome 2, the two distinct peaks obtained from 

WK12 CIM are approximately in the same areas as the GOFP QTL. This supports the 

idea of two QTL for both body weight and fat percentage. 

QTL mapping profiles for ANOV A, marker regression, and interval mapping were 

flat and wide, suggesting that there may be more than one QTL for WK 12 and GOFP. 

However, these methods were unable to discern between the two QTL, especiany if tbey 

were very close together on a chromosome. If only one QTL controlling a specific trait is 

located on a chromosome, then any of the four procedures should result in locating the 

QTL correctly. However,. if more than one QTL is tocated on a chromosome, then 
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composite interval mapping was the only method which dearly identified two very distinct 

QTL. 

A problem is that the researcher does not know if one or more QTL reside on a 

particular chromosome. The ANOV A procedures are recommended as an initial test for 

locating QTL on a chromosome. Once a QTL has been identified,. the mapping profile 

should be visualized for width. The flat, wide patterns for the plotted F -values suggest 

that there are more than one QTL for a trait. The next step would be to use the more 

complicated method, composite interval mapping, to more precisely locate the QTL. 

The marker regression approach identified several organ weight percentages QTL 

for chromosome 15 which were not estimated by ANOV A procedures. This was possibly 

because the calculated F-values (MSREGIMSR) were somewhat inflated, resulting in the 

test for significant QTL locations identifying more points than usual. If the F-values 

would have been lower, there would not have been QTL estimated for those traits. This 

occurrence did not affect the body weight or fat percentage traits since they already had 

very highly significant F-values. Once again, the marker regression approach has the 

disadvantage of onJy being able to identify one QTL for a trait even if more than one is 

present on the chromosome. 

Both ANOV A and marker regression strategies are rather simple to conduct and 

results suggest that both methods locate QTL in approximately the same postion. More 

complicated QTL mapping methods also located WK12 and GOFP QTL around similar 

areas identified by ANDV A and marker regression. The four QTL mapping estimates are 

good enough to obtain a general area for the QTL. The wide array of reliable statistical 
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analyses fulfills the last criterion for QTL mapping studies. Knowledge is. gained as to 

which significant markers are linked to QTL of interest. All mapping strategies are unable 

to locate any QTL at exactly the proper position. U sual1y a range of < 1 OeM is 

reasonable to further QTL mapping in an attempt to pinpoint the chromosomal location of 

the QTL. 

Candidate Gene and SSLP Marker Homology 

The agouti (a) locus on mouse chromosome 2 at 87 eM (Siracusa et ai., 19'87) 

was initially discovered as a regulator of coat color pigmentation. The locus was later 

found to have some control on embryonic lethaiity, pronounced obesity, diabetes, and the 

development of tumors in a wide variety of tissues (Eaton and Green; WoUf, 1965; Odaka 

et aI., 1992; Gasser and Fischgrund, 1973). The diabetic/obesity condition of these 

mutant mioe has similarities to non-insulin-dependent diabetes in humans (Coleman, 

1982). 

The human homolog of a was cloned llsing an interspecies DNA-hybridization 

approach (Kwon et aI., 1994). The human a gene is 85 % identical to the mouse a gene. 

Somatic ceH hybrid mapping panels and fluorescence in situ hybridization located the 

human a gene to chromosome band 20qll.2. This chromosome region exhibits synteny 

conservation with the corresponding region of mouse· chromosome 2 (Siracusa et aI., 

1990). This conserved area (about 21 eM on mouse chromosome) has the following 

genes: Paxl (paired box gene-I), Pygb (brain glycogen phosphorylase), Hckl 
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(hemopoietic ceU kinase-I), a (agouti), Rpn2 (rihophorin-2), Ada (adenosine deaminase), 

Ghrh (growth hormone releasing factor), and Gnas (guanine nucleotide binding protein, 

alpha stimulatmg). Also, the human a gene was found to be expressed in adipose tissue 

and testis. Suggested ideas hav,e agouti lowering the lev,eis of cAMP within the adipocyte 

to decrease lipolysis, contributing to adipocyte hypertrophy and obesity (Strllfors et at" 

1984). 

Growth hormone (Gh) plays a central role in normal growth and development in 

animals and Gh deficeincy leads to dwarfism. The major mode of action of Gh appears to 

be the stimulation of insulin-like growth factor I (JgfJ) production, which in tum elicits a 

growth response from cartilage and bone (Salmon and Daughaday, 1957). More recent 

evidence suggests that Gh may also stimulate growth of chondrocytes directly (Nilsson et 

al., 1986). Central to understanding the mechanisms ofGh action wiU be the 

characterization of specific releasing factors and receptors for this honnone. The 

chromosome mapping of the loci for growth factors, as well as their releasing factors and 

receptors, will provide insights into the evolutionary relationships of these genes, 

suggesting steps leading to oncogenesis. 

Growth hormone r,eleasing hormone (Ghrh) is a hypothalarruc releasing factor that 

influences the secretion and synthesis of Gh. Ghrh was mapped to mouse chromosome 2 

at 87 cM (Copeland ,et al.,. 1993), while this gene was assigned to human chromosome 

20q 11.2 (Pezzolo et al., 1994). Perez et aL (1994) discovered that Ghrh was linked to 

several markers on human chromosome 20 and located the locus to a region near the 

centromer'e between D20S27 (assigned to 20p12.1-pI1.23) and D20S16 (assigned to 
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20q12). The mapping ofGhrh is important in humans since gene mutations may result in 

Gh deficiency diseases such as pituitary dwarfism and isolated Gh deficiency (philips, 

1983). In addition, the Ghrh gene was mapped to bovine chromosome 13 by linkage 

analysis, using the International Bovine Reference Panel and Cattle Genotypic Database 

(Moody et aI., 1995a). 

A second major factor in the proper actions of Gh is growth hormone receptors 

(Ghr). Ghracts via specific high-affinity cell surface receptors found in the liver at the 

highest concentration and in other tissues (Barton et aI., 1989). Ghr mediate Gh actions at 

the cellular level and serum Ghr increases the stability of circulating Gh (Barton et al,. 

1989). In humans, a form of pituitary dwarfism is characterized by high serum levels of 

Gh, unresponsiveness to Gh therapy, and low serum Igfllevels (pertzelan et aI., 1968). 

This disorder is known as Laron dwarfism and appears to result from the complete 

absence of Gh receptor activity. Among the mutations that lead to small body size in the 

mouse is the miniature locus on chromosome 15. If the miniature mutation were due to a 

defect in the Ghr gene, miniatur,e could be a mouse model for the form ofLaron dwarfism 

caused by Ghr deficiency. 

Tbe mouse Ghr locus maps to the proximal end of chromosome 15 at 10.2 eM, 

while the human Ghr gene is located on the proximal short arm of chromosome 5 in the 

p13.1-p12 region (Barton et aI., 1989). Arden et aI. (1990) also fbund the gene encoding 

Ghr to be located on the proximal arm of chromosome 5, although the exact location was 

slightly different from previous results (pB-p14). Moody et aI. (1995b) assigned the Ghr 

gene to bovine chromosome 20 using linkage .analysis and somatic cell mapping. This 
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finding provides evidence for homology between bovine chromosome 20 and the region 

from 5pl4-p12 to 5ql3 of human chromosome 5. Finally, the Ghr gene has been mapped 

to porcine chromosome 16, using radioactive;n situ hybridization (Chowdhary et a1., 

1994). 

Peroxisome proliferators are chemicals that cause marked proliferation of 

peroxisomes in the liver, brain, heart, kidney, and testis. Reddy et al. (1986) discovered 

that these chemicals caused hepatocenuar carcinoma in mice and rats following long-term 

administration. Peroxisome proliferators are believed to cause cancer in humans~ 

however, the mechanisms involved have not been elucidated (Sher et aI., 1993). Specific 

steroid hormone receptors (peroxisome proliferator activated receptor~ PPAR-aJpha) are 

known to mediate the action of peroxisome proliferators in the mouse (Issemann and 

Green,. 1990) and Tat (Gottlicher et aI., 1992). PPAR-alpha are capable of activating the 

promoter of the acyl coenzyme A oxidase gene which is the k;ey enzyme of peroxisomal 

fatty acid ~-oxidation. Also, PPAR-alpha mediates the induction ofa cytochrome P450 

fatty acid m-hydroxylase by dofibric acid (Dreyer et .a1., 1992). 

PPAR-alpha has been mapped to a distal region of mouse chromosome 15 at 45 

cM (Seldin and Corton, 1994) and to human chromosome 22 slightly telomeric to a 

linkage group of six genes and genetic markers that are located around 22q 12-q 13.1 (Sher 

et al .. , 1993). The human cDNA exhibited 85 % identity with mousePPAH-alpha. 

Human PPAR-a.lpha is functional and capable of activating the acyl coenzyme A oxidase 

gene and inducing the cytochrome P450 fatty acid ro-hydroxylase mentioned previously_ 
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Only o.ne SSLP microsateiite marker used in this research project on both 

chromosDmes was discovered to have any mammalian ho.molgy. D2MITI located very 

proximally Dn mouse chromosome 2 has also been mapped in humans to chromosome IIp 

(D11S14; Glaser et al., 1989). MOlllse chromosome 2 shows a 0.8 cM region of 

conserved synteny with human chromosome IIp (Siracusa et a.I!., 1990). However, this 

region is located at approximately 58 cM in the mouse, while marker D2MIT 1 is 

positioned around 2.35 eM. Also, SSLP micro satellite marker D2Hl1SI6 is located in 

this region on chromosome 2 and is designated as D 11 S 16 in humans. Five loci in the 

centromeric half are homologous to genes on-mouse chromosome 2: Fshb (foHicie 

stimulating hormone-beta), D11S16, Cat (catalase-I), DHSI4, and Acp2 (acid 

phosphatase-2,lysosomal). 

Other Possible Genes for OTL Observed 

In addition to the 4 candidate genes researched, there are many loci which have 

been identified on chromosomes 2 and 15 that are possibilities for the estimated QTL 

during this project.. These loci are known to. play some role in the mechanisms of body 

weight and obesity. For chromosome 2, three additional genes will be examined which are 

likely candidates for the QTL identified. One extra c.andidate loci for chromosome 15 will 

be reviewed. These include glucagon, vasopressin, and growth differentiation factor 5 for 

chromosome 2~ and insulin I for chromosome 15. 
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Investigations of tRe biochemical mechanisms underlying genetic differences in fat 

percentage utilize various models of obesity. Genetically obese rats and mice are 

characterized by hyperinsulinaemia, diabetes. hyperglycaemia, increased lipogenesis, and 

enhanced somatic cell growth (Bray and York, 1971; Herberg and Coleman, 1977; 

Warbritton et at., 1994). Single-gene mutations, such as the ob/ob and yellow mice (A~, 

are known to cause obesity. However, the genetic variation can be studied by comparing 

the metabolic differences between fat and! lean inbred lines which probably resulted from 

many individual gene variations. Many hormonal and metabolic alterations have been 

described between these lines, but their relative importance in the development of obesity 

is still unclear for some. 

In contrast to insulin, which promotes energy storage in tissues, glucagon makes 

energy available to the tissues. Glucagon stimulates the breakdown of stored glycogen, 

maintains hepatic output of glucose, and promotes hepatic output of ketone bodies from 

fatty acid precursors (Lefebvre, 1972). Glucagon belongs to the group of lipolytic 

hormones (Lefebvre, 1972). In several species it enhances the release of glycerol and free 

fatty acids from pieces of adipose tissue. This effect has been described in rats (Rodbell 

and Jones, 1966), avians (prigge and Grande, 1971), and mice (Rudman and Di Girolamo, 

1967). 

Even though glucagon would not directly cause obesity, a mutation in this gene 

could possibly be the reason for certain animals to become fatter. The glucagon locus 

(Gcg) was located at 36 cM on chromosome 2 (LaUey et at, 1987). The nearest QTL are 

identified for late body weight (WK6, WK9, and WK12) on chromosome 2 (around 40-
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60 cM). As stated previously for agouti, the increase in body weight could be due to an 

increase in fat pad weight percentage. 

The hypothalamus plays a pivotal role in integrating the neural and chemitcal 

pathways that mediate hunger and satiety. Adrenal steroids seem to contribute to the 

onset of obesity in the Zucker rat (fa/fa) since adrenalectomy prevents symptoms of the 

'fatty' syndrome (Bray and York, 1979). There app,ears to be abnonnal regulatio.n of the 

hypothalamic-pituItary-adrenal axis in fa/fa individuals (Guillaume at aI., 1990). The 

release of adrenocorticotropic hormone in the anterior pituitary gland is regulated by 

hypothalamic peptides, such as corticotropin-releasing factor and arginine vasopressin 

(Antoni, 1986). Basal plasma arginine vasopressin levels were higher in the obese Zucker 

as compared with lean control rats (pesonen et aI., 1992). The increased basal plasma 

arginine vasopressin concentrations agree with the results obtained in hyperglycemic rat 

models (Brooks et a1., 1989). 

These studies suggest a possible link between arginine vasopressin and obesity in 

the mouse. The arginine vasopressin (Avp) locus has been identified on chromosome 2 at 

72 eM (Marini ,et aI., 1993). The nearest QTL identified in this research are the following 

approximated values from ANOVA procedures: DAY12 (84 eM), WIG (66 eM), WK9 

(58 eM), WKl2 (61 eM), SCFP (75 eM), and GOFP (68 eM). The closeness between 

these QTL and the above mapping position ofAvp makes this locus a Iikdy candidate 

gene for the variations in body weight and fat pad weight percentage effects observed in 

the backcross population. 
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The TGF-f3 superfamily contains many multifimctional factors which appear to 

influence cell fate determination, differentiation, and growth (Kingsley, 1994). One of 

these is growth differentiation factor 5 (Gdf5) which is expressed in mesenchymal 

condensations that give rise to the limb skeleton in developing mouse embryos. In 

addition, Gdf5 was isolated from human embryos, suggesting some function during early 

d,evelopment. On the other hand, transcripts have been found in non-skeletal tissues in 

adult mice: heart, lung, kidney, brain, and adrenal gland. Also, Gdf5 has been shown to 

be transcribed in adult human fibroblasts . The importance of Gdf5 in mice for normal 

skeletal development was discovered by the brachypodism mutation (Storm et al., 1994). 

This locus on chromosome 2 was identified between the agouti (87 cM) and rous sarcoma 

oncogene (91 cM) loci (Storm et at., 1994J. The Gdf5locus could be a possible candidate 

gene for the growth QTL identified by ANOVA methods: DAYl2 (84 eM), WIG (66 

eM), WK9 (58 cM), WK12 (61 eM). Composite interval mapping located the WK12 

QTL at 63 and 78 cM. 

Insulin is an important stimulant oflipogeruc activity. Insulin has been sho,wn to 

reduce the concentration oflong-chain fatty acyl-CoA esters and activate acetyl-CoA 

carboxylase, preventing the inhibition of fatty acid biosynthesis in rat adipose tissue 

(Halestrap and Denton, 1973; McNeillie and Zammit; 1982). Higher insulin 

concentrations have been reported for the fatter lines when comparing the differences 

between many grossly obese animals and their lean controls. Plasma insulin 

concentrations were higher and rose with age for mice in the large, fat VL/fDk line than in 

the small, lean SWRltNIMR line (Harrison and Sinnett-Smith, 1990). In addition for 
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cattle, insulin amounts were greater in obese than in lean heifers (McCann and Reimers, 

1985). 

Plasma insulin levels in yellow mice increased 5-6 weeks of age before the animals 

were overtly obese (Frigeri et at., 1983) . . The fact that obesity is associated with 

hyperinsulinaemia means that the elevated insulin levels must be primary or secondary to 

the subsequent obesity. For example, an increase in the number of f3 ceUs secreting insulin 

in young preobese mice would stimulate lipogenesis. This results in excess lipid 

deposition and insulin resistance, causing severe hyperinsulina.emia. A study by 

Warbritton et al. (1994) supports this idea whi,cb examined the number ofpan.creatic islet 

cells in mice lines. In 21-day old mice, the mean number of ~ cells/pancreas was greater in 

the preobese yellow mice than in the agouti hybrid mice. Therefore, the increased cell 

proliferation precedes any genotype-specific increase in pancreatic insulin content or body 

weight. 

All of these studies support an idea that the insulin I (Ins3) locus on chromosome 

15 (48.3 cM.; Merueloet al., 1987) is a likely candidate gene for the QTL identified. The 

M16i mice are hyperinsulinaernilc. The closest QTL located in the backcross population 

by ANOV A procedures are those for late body weights and mid- to late- growth rates. 

All of these QTL are identified in a range anywbere from 32 to 48 cM on chromosome 15. 

Either mouse Ins] or Ins3 is the active gene for insulin I; the other is probably a 

pseudogene (Lalley and Chirgwin, 1984). If Ins3 ("a novel insulin-like gene") is found to 

be a pseudogene, then it would not be a candidate gene for the discovered QTL in the 

backcross population. 
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Besides the major growth and obesity QTI.: identified on chromosomes 2 and 15, a 

large effect (10.16 % of the residual phenotypic variation explained by significant marker 

efFects) was discovered for testis percentage on chromosome 2 around 15 eM. Vitamin A 

is necessary for support of growth, health, reproduction, and survival. of animals 

(McDowell, 1989). The acid form of vitamin A, retinoic acid, as welt as retinol acetate 

are able to reinitiate spennatogenesis in vitamin A-defident rats (Van Pelt et at., 1992). 

One of the retinoic acid receptors, retinoid X receptor alpha, plays a role in the process of 

proliferation and differentiation of A spermatogonia (Van Pelt et al., 1992). The retinoid 

X receptor alpha locus was mapped to chromosome 2 at 17 cM by Hoopes et at. (1992). 

This locus may be a possible candidate gene for the increase observed in testis weight. 

Past research in many species has shown that lines with above average testes siz!e, 

libido, and sperm output are also above average in ovulation rate, age at puberty, or litter 

si~e. The quantitatively measured expression of male and female libido was found to be 

genetically correlated in. sheep and mice (Land, 1973). Also, the genes controUing 

reproductive characteristics are common to both males and females. The hormonesFSH 

and LH are intennediates in the physiological control of reproduction. An improvement 

of female reproductive traits may be acheived by selection for a correlated trait rather than 

from selection for the desired trait itself 

In cattle, scrotal circumference was correlated with age at puberty in heifers (r =-

0.36), indicating that as scrotal circumferenoe in buUs increased, their half-sib sisters 

reached puberty at earlier ages (Brinks et aI., 1978). The average correlation of testicular 

diameter, circumference, length, and volume with the age at first calving, age at first 
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breeding, and pregnancy rate wefe -0.66, -0.55 and 0.62, respectively. The values are 

high enough to suggest that sel.ection for testes size may be effective for altering female 

reproductive traits. 

In mice, the correlation between testes weight and ovulation rate was 0.97 after 12 

generations of selection for ovulation rate (Land, 1973). After 22 generations, the 

realized genetic correlation between testes weight and litter size was 0.60 ± 0.04 (Eisen 

and Johnson, 1981). The realized partial genetic correlation between testes weight and 

litter size holding body weight constant was determined to be 0.42. Also, Islam et al. 

(1976) discovered that a significant positive response occurred in ovulation rate from 

selection for testes weight. The results from both cattle and mice suggest that selection 

for testis size might improve female reproductive traits in other species. However, results 

in swine have shown small and not significant responses in ovulation rate and age at 

puberty when selecting for testes weight (Johnson et aI., 1994). 

Other Growth and Obesity OTL Mapping Studies 

Until recently, the genes underlying growth, body composition, litter size, and 

other ,economically important traits in livestock have been di.fficult to identifY. With the 

aid of highly saturated genetic marker maps for comparative mapping strategies, genes 

located in animal models can be applied to livestock. This will improve the livestock 

industry by decreasing the ov,erproduction of fat while increasing the animal's growth. 

QTL studies are also making progress toward und.erstanding the genetic basis of human 
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diseases, such as .obesity, hypertensi.on and atherosclerosis. In addition te this research, 

several studies have been conducted in order t.o identifY QTL affecting lipid metab.olism. 

On the .other hand, fewer studies have been attempted f.or the elucidati.on .of gr.owth rate 

QTL. 

There hav'e been s.ome projects in mice (Collinset a1., 1993; Medrano et aI., 1991; 

Horvat and Medrano, 1995) and swine (Andersson et aI., 1994) t.o identify growth rate 

QTL. Collins et at. (1993) utilized the Quakenbush-Swiss m.ouse strain (exhibits increased 

body weight) to l.ocate two markers on chromos.ome 10 which had ass.ociati.ons with 

gr.owth QTL. A high gr.owth gene (hg), causing 30-50 % mcrease in 3-6 week gain and 

mature body size, was mapped to mouse chromosome 10 (Medranoet aI., 1991). Horvat 

and Medran.o (1995) characterized the effects of the hg locus, identifying the gene in a 

more precise l.ocation. Comparative mapping illustrates the distal half .of chr.omosome 10 

belonging to a block of homologous genes .on human chrom.osome 12qB-q24 (O'Brien et 

aI., 1993). An experiment Iconducted by Andersson et al. (1994) discovered QTL with 

large effects on early growth for swine chr.om.osomes 4 and 13. 

The previously mentioned research also located a QTL with large effects on fat 

depositi.on .on swine chromosome 4 (Andersson et aI., 1994). QTL were f.ound which 

c.ontrolled t.otal plasma cholesterol and carcass lipid percentag:e .on mouse chr.om.os.ome 7 

and plasma t.otal chol.esterol and subcutaneous fat jpad .on chr.omosome 6 (Warden et aI., 

1993). Significant genetic linkage on m..ouse chromosome 4 was .observed for total body 

adiposity (West et aI., 1994b). In addition, tw.o QTL were f.ound on chrom.osomes 9' and 

15 for total adip.osity (West et aI., 1994a). A QTL.on m.ouse chromosome 1 was seen t.o 
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effect plasma HDL cholesterol levels and atherosclerotic lesion formation during an 

atherogenic diet (paigen et aI, 1987). A second QTL ofurumown chromosome location 

was also found to determine levels ofHDL cholesterol on an atherogenic diet (paigen et 

aI., 1989). 

Single-gene obesity loci in mice are known for the a (agouti) locus on 

chromosome 2 (Bultman et aI., 1992), the tub (tubby) locus on chromosome 7 (Jones et 

aI., 1992), the db (diabetes) locus on chromosome 4 (Bahary et al., 1990), the lfahp 

(intestinal fatty acid binding protein) focus on chromosome 3 (Sweetser etal., 1987), the 

Ad (adipose) locus on chromosome 7 (Wallace and MacSwiney, 1979), and the ob (obese) 

locus on chromosome 6 (Friedman et aI., 1991). The genes with the most dramatic effects 

on obesity are the a (AY allele) and ob loci (Herberg and Coleman,. 1977). The a locus 

results in the development of obe.sity due to fat cell hypertrophy. The ob locus causes 

increased lipogenesis, decreased lipolysis,. and marked obesity. These are just a few 

examples; a mouse 'fat map' shows the chromosDmal IDcatiDns .of genes involved in lipid 

metabolism, as well as mutations which are associated with lipid metabDlism 

disarrangement (Lusis and Sparkes, 1989). 

OTL Identification and Characterization 

Initially, a whole genome screening procedure was utilized where each of the 19 

autosomes contained three evenly spaced SSLP microsatellite markers (pomp et at, 

1994). A major finding was the discov,ery of a distal marker on chromosDme 2 being 
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linked to a QU with very large effects on body weight and fat percentage.. An additional 

marker on distal,chromosome 15 was found to be linked to a similar QU with smaller 

effects. Pomp et al. (1994) localized the QTL for body weight and fat percentage to 

chromosomes 2 and 15. The current research project has-now narrowed in on the QTL 

location to be between nllcrosatellite markers about } 0 cM apart. Chromosomes 2 and 15 

were saturated with 20 and 10 markers (micro satellites and candidate genes). The next 

st,ep will be to further characterize and ultimately identifY the actual gene responsible for 

body weight and fat percentage in the mouse. 

To accomplish these goals, congenic lines will need to be produced which differ 

only in the small chromosomal segment known to harbor the QTL. Congenic lines are a 

strain of animals developed from an inbred (isogenic) line by repeated matings with 

animals from another stock that have a foreign gene. The final congenic strain then 

presumably differs from the original inbred strain only by the presence of this gene region. 

These lines will be produced by repeated backcrossing of an obese inbred selection line 

(M16i) and a standard inbred line (CS7). Microsatellite markers flanking QTL will be 

analyzed as to maintain the desired QTL region. The QTL will be fixed after 

approximately eight generations by intermating heterozygou.s mice for the QTL and 

selecting progeny that are homozygous for these flanking markers .. 

Once the QU is fixed in the population, an in depth phenotypic analysis will be 

perfonned on growth and body composition to obtain a better characterization of the QTL 

overall effects. For obesity studies, genes are known to have an ·effect on fat percentage; 

however, the individual's diet also controls the amount of fat present (Lusis and Sparkes, 
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1989). Therefore, phenotypic effects should be analyzed under both ~ow and high fat 

diets. The overall effect of the QTL on body weight and fat percentage should then be 

realized. To pinpoint the QTL location, additional mar~ers within the QTL region win be 

genotyped to identifY recombinant breakpoints. The ultimate classification of the QTL 

will be to physically map a much smaller region forcamdidate genes and use transgenics to 

prove a cause and effect. Hopefully, further research will provide a better understanding 

of the mechanisms involved with specific genes controlling growth and obesity. This will 

improve human health, as well as benefit the various livestock production industries. 

Implications 

The murine body weight and fat percentage QTL identified in this study will 

expedite research in livestock sp'ecies, finding associated genes through comparative 

mapping. The mapping of these economically important genes win bring about livestock 

improvement from the utilization of marker assisted selection (MAS). MAS is the process 

of making selection decisions based on an animal's phenotypic and genotypic imormation. 

The potential efficiency of MAS depends on the trait's heritability, the selection method, 

and the additive genetic variance of the marker loci (Lande and Thompson, 1990). The 

identification of marker loci Linked to QTL wiU allow for the easy manipulation of major 

genes, providing a possible route to their ultimate isolation (Haley, 199J.). 

Several examples of genetic markers have already been associated with QTL in 

livestock production: the halothane gene in swine (Houde et at, 1993), kappa-casein and 
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beta-lactoglobulin gene.s in cattle (Medrano and Aguilar-Cordova; 1990a,b), the Booroola 

fecundity gene in sheep (Montgomery et aI., ]993), the caUipyg,e gene in sheep (Muggli­

Cockett et w., 1993), and the estrogen receptor gene in swine (RothschiM et ali., 1994). 

Currently, these advantageous single gene mutations or genetic marker mutations near a 

gene with major effects are being utilized in various selection programs. MAS should 

accelerate genetic gain by increasing seEection accuracy. reducing generation interval,and 

increasing selection differentials. The surge in discovering new markers, the progress of 

mice and liv,estock genome mapping committees, and specified appEication goals should 

increase the plausibility of using MAS in the futur'e. 

In addition, the QTL located in mice can be comparatively mapped in humans to 

help combat obesity and growth disorders. As stated previously, mutations in the Ghrh 

locus may result in Gh deficiency diseases, such as pituitary dwarfism (Philips, 1983). 

Laron dwarfism appears to be the result of a complete absence of Ghr activity (pertzelan 

et al., 1968). Locating genes involved in obesity will hav,e considerable clinical 

significance for humans. Atherosclerosis, the primary cause of coronary artery disease in 

humans, is the deposition of fatty substances in the inner walls of the arteries. A better 

understanding of a gene's ability to control obesity will be extremely important in order to 

improve human health and quality of life. 
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APPENDIX I--DNA EXTRACTION FROM MOUSE TAILS 

1) Begin by setting the incubator to 50°C and assemble a sufficient number of].5 mI 
microcentrifuge tubes with lids closed. 

2) Prepare the lysing solution; count on using 840 J.ll of lysing solution per tailp]us a few 
extra to allow for pipetting errors. Take 5-] 0 tail sections from the -80°C freezer at 
a time and place them in labeled digestion tubes. 

3) Incubate with 120 rpm shaking at 50°C overnight. Digests can incubate up to 24 
hours with no problems. 

4) Label. 3 tubes for each tail digest. Add 500 III phenoJlchloroform to each tail digest, 
shake vigorously. and centrifuge at 3500 rpm for 10 min at room temperature. 

5) Transfer aqueous layer to a new tube. Add 5001-11 phenol to tube,. shake vigorously, 
and centrifuge at 3500 rpm for 5 min. 

6) Transfer aqueous layer to a new tube. Add 500 JlI chloroform to tube, shake 
vigorously, and centrifuge at 3500 rpm for 5 min. 

7) While the tubes are spinning from step 6, add 0.6 volume (around 480 IJlI) cold 
isopropanol to each tube. 

8) Transfer aqueous layer from the cWorofonn extraction directly to the corresponding 
isopropanol tube. Shake to precipitate DNA. Tubes may be stored at-20°C or 
-80°C for 20 minutes to several 'hours if a stopping point is required. 

'9) Centrifuge DNA tubes at 12000 rpm for 15 min at room temperature in the IEe 
tabletop centrifuge. 

10) Decant supernatant carefully, making sure to keep an eye on the pellet. Rinse the 
pellet and decant carefully. 

11) Allow the pellet to dry overnight on the bench covered with Cling Wrap. 

12) Rehydrate DNA pellet in 150 Jll ofTE pH 8 overnight at room temperature. Mix 
well with wide-orifice tips before taking a spectrophotometer reading. 
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APPENDIX 2--DETERMINATION OF DNA CONCENTRATION USING THE 
LAMBDA3BSPECTROPHOTOMETER 

I) Tum the spectrophotometer on and allow plenty of time for the machine to wann up. 
This will take around ]5 minutes (the wavel,ength display should read 850.0 nm and 
the right hand disp,lay needs to stop fluctuating wildly). 

2) Select the volume of cuvette needed. Make a blank by putting in the following 
volumes of ddH20. The regular size needs 2 mI solution, the mini 1 mI, and the 
micro 1001-11. Generally, a mini cuvette is chosen and a 100:1 dilution is made of the 
sample (10 J.l1 of DNA sampl'e and 990 J.11 ddH20). 

3) Place the blank cuvette into the spectrophotometer, and have the machine goto 260 run 
wavelength UV light. Auto zero the machine so the display reads 0.0000. 

4) Now prepare a sample cuvette (10 ~I of DNA sample and 990 III ddH20). Mix the 
sample well with a wide tip pipette being careful not to introduce air bubbles into the 
solution. Insert the cuvette into the spectrophotometer and close the lid. Record 
the absorbance reading at the 260 run UV wavelength. If the absorbance reading 
does not stabilize and is fluctuating widely. the sample may need to be remixed. 

5) After recording a 260 run absorbance reading, then change the UV wavelength to 280 
nm. Record the new sample ahsorbance at this wavelength. 

6) This DNA sample can now be discarded. and the cuvette should be rinsed out using the 
cuvette washer. Rinse the cuvette twice with ddH20 and once with acetone (Sigma 
Chemical Company, St. Louis, MO). 

7) Continue steps 2-6 until all DNA samples have a 260 and 280 nm absorbance reading .. 
The spectrophotometer should be rez,eroed every 5 to 10 samples, using a blank 
cuvette. 

8) An Abs260/ Abs280 ratio is determined to give an idea of the degree of impurities left 
behind from the extraction procedure .. A ratio of 1.6 to 1.9 is considered 
satisfactory. A lower ratio implies protein impurity and the higher ratio implies 
either RNA or solvent impurity. 

9) The DNA samples concentration is calculated from the following equation: 

Abs260 X Dilution Factor X 50 ng/:1l1 = DNA concentration in ng/Ill 
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10) A 200 ~l ofa 50 nglJlI working solution can be made. The final concentration of the 
working solution should be 10000 ng of DNA. 

10000 ng J concentration of DNA sample in ng/1l1 = ~I of DNA to add 
200 ~l - Jll of DNA to add = ~I of IX TE buffer to add 

11) Mix the peR working solutions weU and store at 4°C, then store the stock samples at 
either -20°C or -80°C. Make sure to mark the tubes on both the side and cap. 
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APPENDIX 3--GENETIC LINKAGE MAP FOR CHROMOSOME 2 

Marker Sex-Averaged Female 
A2 2.35 2.35 
B2 12.80 13.89 
C2 15.18 15.81 
D2 28.01 27.83 
E2 31.57 31.20 
F2 40.36 41.30 
G2 49.15 50.43 
H2 53.90 56.20 
12 55.80 , 56.68 
J2 58.41 57.16 

Note: All distances are given in eM. 

A2 

B2 

C2 

D2 
E2 

F2 

G2 
H2 
12 
J2 
K2 
L2 
M2 
S2 
T2 
N2 
02 
P2 

Q2 
R2 

Male 
2.35 
11.74 
14.56 
28.18 
31.94 
39.45 
47.9 
51.66 
54.95 

Marker 
K2 
L2 
M2 
S2 
T2 

I 

N2 
02 
P2 
Q2 

59.64 ' R2 
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Sex-Averaged Female 
61.02 59.56 
65.53 63.41 
68.38 67.74 
70.04 70.14 

, 

71.47 71.58 

I 
75.03 74.46 
83.82 84.56 
87.62 87.93 

, 94.27 95.62 
99.02 100.43 

Male 
I 

62.46 
67.62 
69.03 
69.97 
71.38 
75.61 
83.12 
87.35 
92.98 
97.67 

------------------.............. ..... 



APPENDIX 4-GENETIC LINKAGE MAP FOR CHROMOSOME 15 

BI5 

C15 

\ li DI5 

D15MIT121 EI5 

D15MIT3 A15 
D15.MIT64 F15 

D15:MIT29 GI5 
D15:MITI07 H15 

PPARALPHA 115 

D15MIT34 115 

Marker Female Male Sex-Averaged 
B15 . 5.72 5.72 5.72 
C15 7.64 7.6 7.62 
DIS 12.45 15.11 13.8 
E15 15.82 20.74 18.31 
A15 20.15 28.25 21.61 
FI5 22.07 34.35 23 .99 
GI5 24.95 39.04 27.79 
HIS 27.83 45.14 32.3 
115 32.8 48..19 36.27 
1]5 47.72 58.85 48.97 

Note: All distances are presented in eM. 
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APPENDIX 5--CHARACTERISTICS OF MICROSATELLlTE MARKERS USED FOR 
GENOTYPING CHROMOSOMES 2 AND 15 

, 
PCR . Allele Allele Frequency Recomb. MIT 

Marker . Code- Typeb 
I Sizec Ord'erd M l 6i1M16ic Ratef Location! 

D2MITI A2 1 140 C>M 52.7 - 2.35 
D2MIT79 H2 1 264 C>M 52.3 W.45 12.42 
D2:MIT120 C2 1 180 C>M 51.3 2.38 23 .12 
D2MITl57 D2 1 156 C>M 48.5 12.83 33. 18 

. D2MIT61 E2 1 158 C>M 47.3 3.56 
I 

37.71 
D2MIT37 F2 I 196 C>M 50.4 
D2NDSI G2 1 154 M>C 50.1 
D2MIT103 H2 1 160 C>M I 48.7 
D2MIT133 12 I 231 C>M 49.6 
D2MIT164 12 I 149 C>M 48 
D2MIT224 K2 1 143 C>M 47.7 
D2MIT166 L2 1 157 C>M 48 
D2MIT22 M2 1 182 C>M 48 
D2MIT49 N2 1 134 M>C 48.9 
D2MIT25 02 1 138 C>M 48.2 
D2MIT147 P2 1 91 M>C 48.2 
D2MIT174 Q2 1 H9 M>C 49.6 
D2:MlT200 R2 1 158 C>M 49.2 
D 15MITli B15 1 126 C>M 48 
D I5MIT131 C15 1 161 C>M 48.5 

, D15MIT86 DIS 1 220 C>M 48 
D15MIT121 , E15 1 13.0 C>M 47.7 
D15:MIT3 A15 1 152 C>M 50.4 
D15MIT64 FIS 1 128 C>M I 49.2 
D 15MIT29 GIS 1 184 C>M 49.2 
D 15MITI07 H I5 1 187 C>M 52.7 

I D15MIT34 I15 Ii 2 124 M>C 48 .7 
a OSU Laboratory Identification 
b PCR conditions (1 = 40 cycles, 55°C; 2 = 30 cycles, 55°C) 
C CASTlEi allele size Dietrich et at (1994) 
Ii Parental genotypes (C = CASTlEi~ M = M16i) allele size order 

8.79 46.66 
8.79 52.24 
4.75 55.58 
1.9 57.8 

2.61 60.43 
2.61 63.4 
4.51 67.8 
2.85 73.4 
5.7 81.67 

8.79 85.71 
3.8 89.71 
6.65 92.59 
4.75 98.53 

- 5.72 
1.9 11.3 

6.18 18 
4.51 24.7 
333 30.3 
2.38 29.2 
3.8 33.7 

, 

4.51 40.5 
11.16 53.1 

c M16iJM16i genotypic frequency~ CASTlEi genotypic frequency = (1-MI6i1MI6i 
Frequency 

f Recombination rate between adjacent markers (sex-averaged); OSU mark!er estimates 
(cM) for genetic linkage map~ proximal marker standardized to :MIT map 

II WIIMIT -CGR microsatellite linkage map~ marker locations (cM) are based on The 
Jackson Laboratory Mouse Genome Database, 1995 
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APPENDIX 6--PCR IN 96-WELL MICRO TITER PLATE FORMAT 

I) Detennine the total number of 15 III reactions needed for each primer. This amount 
has I extra reaction per plate row added onto it since part of the mixture is tost 
when pipetting. This ensures that there will be enough primer in the end. 

2) The total number determined is then mUltiplied by the base fonnula for one reaction to 
calculate the amount needed in the master mix:: 

PCRH~O 

9.78 III 
lOX Buffer lOX MgClz dNTPs 
1.5 III 1.5 III 0.3 III 

Primer DNA 
1.25 fJ.1 0.6 fJ.1 

Taq 
0.075 ~l 

Total 
15 ~d 

3) Fill out a peR reaction data she,et which contains the reaction number, who did the 
PCR, the date, the primers used, the total volume of reagents used, the DNA order 
in the plate, the number of cycles in the PCR machine, file number, and associated 
peR temperatures. 

4) Make sure to wear glov,es at aU times and sterilize the lab bench, pipetters, and ice 
bucket. The titer plates should be properly labeled with reaction number, who did 
the peR, the number of cycles to be ran, and date .. 

5) Remove the lOX buffer (KG, Tris-HCI pH 9, and Triton X~ Promeg.a, Madison, WI) , 
lOX MgCh, dNTPs (New England BioLab, Beverly. MA), and primers from the 
freezer to thaw at room temperature, placing them on ice. Also place the PCR 
water, PCR oil (Sigma Chemical Company, S1. Louis, MO), DNA, and PCR plates 
(Falcon 3911) on ice. Make sure to vortex and pulse spin all reagents and DNA 
tubes before mixing. 

6) An extra plate is used for adding the master mix to the plates. Cut out the number of 
rows which corresponds to the total number of primers. Separate master mixes are 
made for each primer in 1.5 m1 micro centrifuge tubes. 

7) Add to the appropriate tubes PCR H20, lOX buffer, lOX MgCh, dNTPs, primer, and 
Taq polymerase (prom ega, Madison, WI), holding the later in a benchtop cooler and 
adding last as ·to return it to the freezer when done) Vortex and pulse-spin tubes. 
Add an equal amount of master mix: to one row in the extra plate. Use a 
multichannel pi petter to add 14.4 JlI of mix to each well (column A to H). 

8) Add 0.6 .JlI of 50 ng/Ill DNA to each well by a single ti.p pipetter. Finally add SO ,.11 
ofPCR oil to each well by using the multichannel pipetter. Place the first two plates 
in the peR machine right away and the other plates may be stored at -20°C until 
they are run. 
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APPENDIX 6A-WORKING SOLUTIONS 

IX Lysing Buffer 
25 ml of 1 M Tris-HCL pH 8.0 
15 m1 of 5M NaCI 
10 m1 ofO.S MEDTA 
50 m1 of 10% SDS 
400 rnI of ddH20 

Phenol at pH 7-7. S (TE Saturated) 
100 g Phenol a1t -20°C 
1 M Tris-HCL pH 8 
lXTEpHS 
0.1 g S-Hydroxyquinoline 

PhenollChloroformlIsoamyl Alcohol 25 :24: 1 
25 ml of24:1 ChloroformlIsoamyl Alcohol 
25 m1 Phenol 
lXTEpHS 

Lysing Solution4% Agarose Gels 
4 Parts IX Lysing Buffer 
1 Part 5 M Sodium Perchlorate 
1 % I3-Mercaptoethanol 
100 lJ.g/ml Proteinase K 

1 % Agarose Gels 
100 mllXTBE 
1 g BioRad Agarose 

SM Sodium Perchlorate 
70.25 g of Sodium Perchlorate 
ddH20 to make volume 100 mI 

lXTE 
1.576 g Tris-HCL, pH 8 
0.37224 g EDTA 
ddH20 to make 1 L 

ChloroformlIsoamyl Alcohol 24; 1 
480 m1 Chloroform 
20 ml Isoamyl Alcohol 

100 mllXTBE 
2 g BioRad Agarose 
2 g NuSieve Agarose 

lXTBE 
0.09 M Tris-Borate 
O.002MEDTA 

Chl.oroform, EDT A, 8-Hydroxyquinoline, Isoamyl Alcohol, ~-Mercaptoethanol, 
Phenol, Proteinase K, SDS,. Sodium P'erchiorate, Tris, and Tris-Borate: Fisher 
Scientific, Fair Lawn, NJ 

NaCI: Sigma Chemical Company, St. Louis, MO 
BioRad Agarose: BioRad Laboratories, Hercules, CA 
NuSieve Agarose: - FMC BioProducts, Rockland, 'ME 
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APPENDIX 7--PRIMER SEQUENCE OF CANDIDATE GENES 

Agouti (a) 

5' -Primer Exon 2 
3' -Primer Exon 3 

CCTA GTGA GCTT CCTG TGCT TCTT 
CTTe TCGG CTTC TTTT CTGC 

Growth Hormone Releasing Hormone (Ghrh) 

1) 5'-Primer 
3'-Primer 

2) 5'-Primer 
3'-Primer 

Exon2 
Exon3 

Exon3 
Exon4 

TGAA GGAT GCTG CTCT GGGT 
TGAT GTCC TGGA TCAC TTTC 

GGAA AGTG ATCC AGGA CATC A 
CTTG TCCT CTGT CCAC ATGC T 

Peroxisome Proliferator Activated Receptor (P'par alpha) 

(24 bp) 
(20 bp) 

(20 bp) 
(20 bp) 

(21 bp) 
(21 bp) 

5'-Primer Exon 5 
3' -Primer Exon 6 

CGAC AAGT GTGA TCGG AGCT GCAA G (25 bp) 
GTTG AAGT TCTT CAGG TAGG CTTC (24 bp) 

Growth Hormone Receptor (Ghr) 

1) 5'-Primer Exon9 CCCA GTCC CAGT TCCA AAGA TT 
3'-P'rimer Exon 10 CTCA TCCA CATC TGCT TCAT C 

2) 5'-Primer Exon7 CCTC AGAC GAAC AT AT TGGA 
3'-Primer Exon8 GCAT GACT GCTACTCC AAAT 

Note: Both the 5'- and 3'-primer sequences are listed in order of5' to 3'. 
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APPENDIX 8-PCR PRIMER WORKING SOLUTIONS FROM 
LYOPIDLIZED OLIGONUCLEOTIDES 

Dissolve Oligonucleotides 

1) The tubes received from the processing core have 100 J.lI of peR water added, leaving 
them undisturbed overnight. 

2) The tubes containing primer are vortexed, pulse-spun, and combined into one 1.5 ml 
microcentrifuge tube. This tube is vortexed and pulse- spun, becoming the stock 
primer solution. 

Measure Absorbance 

1) Al mI cuvette has 998 1.11 of water added to zero the spectrophotometer at a 
wavelength of 260 run. 

2) Add 2 III of primer stock solution to the cuvette, mix weU, and record the absorbance 
at a wavelength of 260 nm. 

3) There is 398 JJ.l of primer stock solution remaining and this was a 1 :500 dilution. 

Dilution 

1) Determine the volume necessary to dilute the primer stock solution to a final 
concentration of 50 IlM: 

A) A primer information sheet from the processing core should have come with the 
primers. From this sheet obtain the j.Jg/OD and molecular weight values. 

B) Calculate the J.lM concentration of the primer stock solution by using the 
following equations: 

j.Jg/ml = (OD260)(Dilution Factor)( Jjg/OD) 
ng/m1 = (Jlglml)( 1 000) 
JJM = (ng/mI) I Molecular Weight 

C) The total volume for a 50 j.JM primer stock solution needed is determined and 
diluted from use of the following equations: 

Total Volume (J.d) = [(J.LM stock)(J.l1 of stock remaining)] I 50 ~ 
III to Add = Total Volume (Ill) - III of stock remaining 
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D) Be sure to label stock solutions as either forward or reverse primer. 

2) Once the appropriate amount ofPCR water is added to dilute th.e primer stock 
solution, it is stored at -20°C. 

3) A 5llM primer working solution is prepared by adding 30 J.d of both the forward and 
reverse primer 50 IlM stock and 240 III of peR water to make a total of300 J.d. 

4) These working solutions may also be stored at -20°C and are ready for use in PCR 
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APPENDIX 9--MALE PHENOTYPIC SPECIFICATIONS FOR EACH TRAIT 

Trait Mean 
12 d wt (day12) 7.26 
3 wkwt(wk3) 12.96 
6wkwt (wk6) 34.35 
9wkwt(wk9) 42.07 
12 wk wt (wk12) 45.27 
day 12-wk3 gain 5.7 
w.k3-wk6 gain 21.39 
wk6-wk9 gain 7.72 
wk9-wk12 gain 3.2 
heart(hrt) wt 258.52 

. liver(liv) wt 3472.5 
sp~een( spI) wt 214.04 
kidney(kid) wt 389.64 
hrt wtlwk12 .573 
liv wtlwkl2 7.65 
spl wtlwk12 .474 
kid wt/wkl2 .861 
testis(tes) wt 95.62 
teslwk12 .213 
sef a wt 280.5 
gofbwt 545.22 
scf+gof (fat) wt 825.72 
scfwtJwk12 .606 
gofwtfwk12 1.17 
fat wt/wk12 1779.7 

a scf=subcutaneous fat pad 
b gof=gonadal fat pad 

Standard Coefficient 
Deviation of Variation 

1.06 I 14.64 
2.7 20.83 
5.47 15.93 
5.34 12.7 
5 .. 86 12.96 
1.95 34.18 
4.51 21.11 
4.01 51.98 
2.44 76.19 
36.91 14.28 
543.7 15.66 
55.01 25.7 
70.96 18.21 
.074 12.85 

.8 10.48 
.119 25.04 
.135 15 .65 
19.47 20.37 
.046 21.43 

160.22 57.12 
260.95 47 .. 86 
400.88 48.55 

.308 50.75 
.47 40.37 

731.9 41.12 

C Normal distribution test (Shapiro-Wilk statistic) 
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Ran~e Nonnalityc 

4.13-10.1 P = .17 
6.1 - 20.2 P=.2 
11.9 - 45.8 P < .01 
21.1 - 58.6 p= .97 
18.1-67.1 p= .95 
.5 - 11.22 P = .45 
2.1 - 30.6 P < .001 
-3.1 - 21.6 P < .001 
-7.8- 12.1 P = .98 
176 - 398 P = .46 

1922 - 5072 p= .83 
42 - 534 P < .001 
195 - 610 p= .78 

.394 - .827 P < .05 
4.35 - 10.47 P= .99 
.088 - 1.148 P < .001 
.525 - 1.22 P < .. 001 

51 - 208 P = .001 
.104 - .407 p< .05 
59 - 1127 p=o 
49 - 1802 P < .001 
108 - 2929 P < .001 

.205 - 2.l3I p=o 
.17 - 2.69 . P < .001 

375 - 4555 P < .001 
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APPENDIX lO--FEMALE PHENOTYPIC SPECIFICATIONS FOR EACH TRAIT 

Trait Mean 
12 d wt (day12) 7.1 
3 wkwt (wk3) 1256 
6wkwt (wk6) 29.79 
9wkwt(wk9) 34.08 
12 wk wt (wk12) 35.71 
day 12-wk3 gain 5.46 
wk3-wk6 gain 17.23 
wk6-wk9 gain 4.29 
wk9-wk12 gain l.63 
heart(hrt) wt 214.69 
liver(liv) wt 2670.2 
spleen(spl) wt 210.97 

. kidney(kid) wt 273.01 
hrt wtlwk12 .609 
livwtlwk12 7.47 
spl wtlwk12 .593 
kid wtlwk12 .768 
sefa wt 200.14 
gofbwt 173.17 
scf+gof(fat) wt 374.66 
sefwtlwk12 .542 
gofwtlwk12 .461 
fat wt/wk12 1005.9 

a scf-=subcutaneous fat pad 
b gaf=gonadal fat pad 

Standard Coefficient 
i 

Deviation of Variation : 
l.02 14.3 
2.37 18.88 
4.19 14.06 
4.08 11.97 
4.75 13.3 
1.71 3l.38 
3.4 19.75 
2.97 69.27 
2.03 124.78 
34.81 16.22 
455 .. 5 17.06 
65.94 31.26 
43.84 16.06 
.137 22.45 
.75 10.01 

.174 29.44 

.107 13 .96 
128.93 64.42 
162.55 93.87 
264.32 70.55 

.305 56.38 

.391 84.92 
615.6 61.19 

C Normal distribution test (Shapiro-Wilk statistic) 
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Range NonnalityC 
4.24 - 9.8 ' p= .39 
5 . .5 - 20.1 P = .85 
13.1 - 38.3 P < .001 
21.9 - 46.3 . P= .83 
21 - 50.8 P =.48 
.74 - 10.8 P = .51 
1.4 - 24.2 P < .001 

-2.4 - 14.8 . P < .001 
-3.8 - 10 : P = .61 
135 - 463 p=o 

1538 - 4419 p= .27 
101 - 626 p=o 
141-431 P =.45 

.43 - 2.022 P=Q 
5.89 - 9.57 P < .01 
.34 - 1.758 p=O 

.507 - 1.364 P< .01 
25 - 932 p=o 
1 - 1057 p=o 

41 - 1491 p=o 
.068 - 2.342 p=o 
.004 - 2.433 p=o 

150.2 - 3422.1 p=o 



APPENDIX II-POOLED (MALE AND FEMALE) PHENOTYPIC SPECIFICATIONS 
FOR EACH TRAIT 

Trait I Mean 
12 d wt (dayI2) 7.18 
3 wkwt (wk3) 12.76 
6wkwt (wk6) 32.1 
9 wkwt(wk9) 38.12 
12 wk wt (wkI2) 40.54 
dayI2-wk3 gain 5.58 
wk3-wk6 gain 19.33 
wk6-wk9 gain 6.02 
wk9-wk12 gain 2.42 
heart(hrt) wt 236.82 
liver(liv) wt 3075.2 
spleen( spI) wt 212.52 
kidney(kid) wt 331 .88 
hrt wtlwk12 .591 
liv wtlwk12 7.57 
spl wtlwkl2 .533 
kid wtlwk12 .815 
testis( tes) wt 95.62 
teslwk12 .213 
seewt 240.8 
gofbwt 361.41 
scf+gof (fat) wt 603.42 
scfwtlwk12 .574 
gofwtlwk12 .822 
fat wtlwk12 1398.4 

• sCFsubcutaneous fat pad 
b gOFgonadal fat pad 

Standard Coefficient 
Deviation of Variation 

1.04 14.51 
2.55 19.96 
5.38 16.76 
6.21 16.29 
7.17 17.68 
1.84 32.92 
4.51 23.32 
3.93 65.19 
2.38 98.13 

42.03 17.75 
642.4 20.89 
60.62 28.52 
83.02 25.02 
.111 18.78 
.78 10.31 
.16 30.05 
.13 15.99 

19.47 20.37 
.046 21.43 

150.89 62.66 
286.49 79.27 
408.21 67.65 

.308 53.61 

.562 68.44 
779.3 55.73 

C Normal distribution test (Shapiro-Wilk statistic) 
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Range Normality" 
4.13-10. 1 p= .09 
5.5 - 20.2 P= .14 
11.9 - 45.8 P =.3 
21. 1 - 58.6 P = .27 
18.1-67.1 P = .64 
.5 - 11.22 P=.2 
1.4 - 30.6 p= .08 
-3.1-21.6 p=o 
-7.8 - 12.1 . p= .96 
135 - 463 P < .001 

1538 - 5072 P < .05 
, 

42 - 626 p=o 
141 - 6 ]0 P < .001 

.394 - 2.022 P=O 
4.35 - 10.47 p= .97 
.088 - 1.758 p=o 
.507 - 1.364 P = .18 

51 - 208 P = .001 
.104 - .407 P < .05 
25 - 1127 p=o 
I - 1802 p=o 

41 - 2929 P=Q 
.068 - 2.342 p =o 
.004 - 2.686 p=o 
15.0.2 - 4555 p=.o 
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APPENDIX 12-LEAST-SQUARES MEANS AND F-VALVES FOR EACH TRAIT 
ANAL YZEn WITH CHROMOSOME 2 MARKERS 

12 DAY BODY WEIGHT (DAYI2) 

Marker Locatiolli (eM) M16i1MI6i MI6i1CAST F-Value P-Value , 
I 

A2 2.35 7.18 ± .05 7.27 ± .05 1.5& .2102 
B2 12 .. 8 7.17 ± .05 7.29 ± .05 2.74 .0987 
C2 15.18 7.16 ± .05 7.3 ± .05 3.93 .0483 
D2 28.01 7.13 ± .05 : 7.31 ± .05 6.14 .0137 
E2 31.57 7.14 ± .05 7.31 ± .05 5.45 .0201 
F2 40.36 7.14 ± .05 7.31 ± .05 5.38 .021 
G2 49.15 7.16 ± .05 7.3 ± .05 3.67 . .0562 
H2 53.9 7.15 ± .05 7.3 ± .05 4.49 .0347 
12 55.& 7.15 ± .05 7.3 ± .05 4.26 .0398 
J2 I 58..41 7.14 ± .05 7.31 ± .05 5.37 .021 
K2 61.02 7.13 ± .05 7.31 ± .05 6.25 .0128 
L2 65.53 7.11 ± .05 7.33 ± .05 8.8 .0032 
M2 68.38 7.12 ± .05 I 7.32 ± .05 7.88 .0053 
S2 70.04 7.11 ± .05 7.33 ± .05 9.51 .0022 
T2 71.47 7.11 ± .05 7.32 ± .05 8.3 .0042 
N2 75.03 7.11 ± .05 7.34 ± .05 9.91 .0018 
02 83.82 7.08 ± .05 7.35 ± .05 13.58 .0003 

, 

P2 97.62 7.1 ± .05 7.33 ± .05 10.33 .0014 
Q2 94.27 7.09 ± .05 7.35 ± .05 13.06 .0003 
R2 99.02 7.09 ± .05 7.34 + .05 12.35 .0005 

3 WEEK BODY WEIGIIT (WK3) 

Marker Location. (eM) M16i1M16i MI6i1CAST F-Value .P-Value 

A1 2.35 12.71 ±.J 12.81 ± .Il .4:2 .5152 
B2 12.8 12.72 ± .1 12.79 ±.11 .23 .6318 
C2 15.18 12.67 ±.11 12.84 ±.11 1.2 .2742 
D2 28 . .01 12.63 ±.11 12.88 ± .11 2.7 .IOB 
E2 31.57 12.58 ±.11 12.93 ±.11 4.99 .0261 

F2 40.36 12.6 ±.11 12.92 ±.11 4.15 .0423 

02 49.15 12.58 ±.11 12.95 ±.Il 5.6:5 .018 

H2 53.9 12.58± .11 12.93 ±.11 5.26 .0224 

n 55.8 12.6±.n 12.91 ±.11 3.87 .0498, , 

J2 58.41 12.57 ±.11 12.94 ±.11 5.64 .0181 

K2 61.02 12.56 ±.11 12.9'4 ±.11 5.96 .0151 

L2 65.53 , 12.53 ±.11 12.96 ± .11 7.78 .0056 

M2 68.38 12.56 ±.Il 12.93 ± .n 5.44 .0202 
I 

S2 70.04 12.53 ±.11 12.95 ±.1 7.19 .0077 

T2 71.47 12.54 ±.Il 12.95 ±.11 7.08 .0082 

N2 75.03 12.55 ±.n 12.94 ±.Il 
, 

5.96 .0151 

02 , 83.82 12.6 ±.11 12.89 ±.11 3.32 .0691 

P2 97.62 12.66 ±.11 12.83 ±.11 U6 .2818 

Q2 94.27 12.61 ±.1I 12.88 ± .n 3.11 .0788 

R2 9'9.02 12.62 ±.11 12.88 ±.11 i 2.72 .0998 

151 



APPENDIX 12--CONTINUED 

6 WEEK BODY WEIGHT (WK6) 

Marker Location (eM) M16i1M16i M16i/CAST F-Value , P-Value 
A2 2.35 32.37± .28 31.93±.31 1.05 .3053 
B2 12.8 32.47 ± .28 31.83'±.31 2.3 .1302 
C2 15.18 32.53 ± .29 31.76 ±.3 

, 
3.31 .0696 ! 

D2 28.01 32.73 ±.3 31.63 ± .2'9' 6 .. 92 .0089 i 

E2 31.57 32.78 ±.3 31.59 ± .29 7.8 .0055 
I , 

F2 40.36 32.96 ±.29 31.31 ±.3 15.25 .0001 
G2 49.15 32.79 ± .29 31.5±.J I 9.03 .0028 
H2 53.9 32.91 ±.3 31.44 ± .29 I 11.8'9 .0006, 

I 

12 55.8 32.96±.29 31.37 ± .29 13.99 .0002 
J2 58.41 32.92 ±.3 31.45 ± .29 11.93 .0006 
K2 61.02 32.85 ±.3 31.53 ± .29 9.54 .0022 
L2 65.53 32.55 ±.3 31.81 ± .29 2.97 .0855 
M2 68.38 32.57 ± .31 31.78 ± .29 3.39 .0664 
S2 70.04 32.58 ± .31 31.8 ± .29 3.33 .069 
T2 71.47 32.6 ± .31 31.78 ± .29 3.7 .0552 
N2 75.03 32.77 ±.3 31.6 ± .29 7.33 .0071 
02 83.82 32.74 ± .31 31.67 ± .29 6.17 .0135 I 

I 

P2 97.62 32.65 ± .31. , 
31.75 ± .29 4.4 .0366 

Q2 94.27 32.33 ± .31 32.03 ± .29 ! .49 .485,7 
R2 99.02 32.36 ± .31 31.99 ± .29 .74 .3906 

9 WEEK BODY WEIGHT (WK9) 

Marker Location (eM) M16i1MI6i M16i1CAST F-Value P-Value 

A2 2 . .35 38.68 ±.3 37.63 ± .32 5.83 .0163 I 

B2 12.8 38.7 ±.3 37..66 ± .32 5.6 .0185 
I 

C2 15.18 38.8 ±.3 37.56 ± .32 7.97 .005 

D2 28.01 39.05 ± .31 37.41 ±.3 , 14.44 .0002 

E2 31.57 39.18 ± .31 37.32 ±.3 17.83 , .0001 

F2 40.36 
! 

39.59 ± .29 36.7 ±.3 46.45 .0001 

G2 , 49.15 39 . .7 ± .29 36.64 ±.3 , 52.56 .0001 

H2 53.9 39.83 ±.3 36.62 ± .29 57.77 .0001 

12 55.8 39.8 ± .29 36.58 ± .29 58.28 .0001 

J2 58.41 39.88 ±.3 " 36.63 ± .29 59.85 .0001 

K.2 61.02 39.84 ±.3 36.67 ± .29 56.71 .0001 

L2 65.53 39.55 ±.3 36.94±.29 37.12 .. ,0001 

M2 68.38 39.61 ± .31 36.9' ± .29 39.59 .0001 

S2 70.04 39.73 ± .31 36.83 ± .29 46.12 .0001 

T2 71.47 39.7 ±.3 36.83 ± .29 45.26 .0001 

N2 75.03 39.71 ±.3 36.77 ± .29 46.69 .0001 

02 83.82 39.5 ±.31 37.05 ± .29 31.59 .0001 

P2 97.62 39.4 ±.31 37.13 ± .29 26.79 .0001 

Q2 94.27 39.08 ± .. 31 37.38 ±.3 14.77 .0001 

R2 99.02 38.9 ±.32 37.57 ±.3 I 8.77 .0033 
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12 WEEK BODY WEIGIIT (WKI2) 

Marker Location (eM) M16i1M16i M16iJCAST F-VaIue P-VaJue I, 
I 

A2 2.35 41.03 ± .34 40.1 ± .36 3.52 .0613 
B2 12.8 4l.01 ±.34 40.16 ± .36 2.86 .0916 
C2 15.18 41.22 ± .34 39.94 ± .36 6 .6 .0106 
D2 28.01 41.44 ±.35 39.82 ± .34 

! 
10.87 .0OIl 

E2 3157 41.63 ± .36 39.67 ± .34 15.46 .. 0001 
F2 40.36 42.15 ±.33 38.92 ± .34 45.05 .0001 

, G2 49.15 42.35 ±.33 38.77 ± .33 56.55 .0001 
H2 53.9 42.54 ± .33 38.71 ± .33 64.97 .0001 
12 55.8 42.53 ±.33 38.65 ± .33 67.39 .OO()l 

12 58.41 42.67 ± .33 38.66 ± .32 73.14 .0001 
K2 61.02 42.72 ±.33 ! 38.64 ±.32 76.7 .0001 
L2 65.53 42.53 ±.34 38.81 ± .32 62.4 .0001 
M2 68.38 42.54 ± .34 38.82 ± .32 6l.12 .0001 

82 70.04 42.68 ± .34 38.75 ± .32 69.66 .OO<)l 
T2 71.47 42.66 ± .34 38.74 ± .32 69.51 .0001 
N2 75.03 42.62 ± .. 33 38.7 ± .32 68 .. 08 .0001 
02 83.82 42.35 ±.35 39.04 ±.33 46.68 .0001 
P2 97.62 42.14 ± .35 39.23 ±.33 35.19 .0001 
Q2 94.27 41 .79 ± .35 39.5 ± .34 21.32 ,(1001 

R2 99.02 41.5 ± 36 39.8± .34 11.35 .0008 , 

DAY12 TO WK3 GAIN (GAIN1) 

Marker Location (eM) M16i1M16i MI6i1CAST F-Value P-Value 

A2 2.35 5.53 ± .08 5.54 ± .08 .01 .9273 
B2 12.8 5.55 ± .08 5.51 ± .08 .15 .6966 

C2 15.18 5.52 ± .08 5.54 ± .08 .06 .8125 
D2 28.01 5.5 ± .08 5.57 ± .08 .44 .5063 
E2 31.57 5.44 ± .08 5.62 ± .08 2.38 .1234 
F2 40.36 5.46 ± .OS 5.61 ± .08 1.67 .. 1973 
G2 49.15 5.42 ± .OS 5.65 ± .08 3.98 .0467 

I 

H2 53.9' 5.43 ± .08 5.63 ± .08 3.08 .0799 
I2 55.8 5.45 ± .08 5.61 ± .08 1.83 .1765 
J2 58.41 5.43 ± .08 5.63 ± .08 3.03 .0823 
K2 61.02 5.43 ± .08 5.63 ± .08 2.94 .087 
L2 65.53 5.42 ± .OS 5.64 ± .OS 3.5S .0591 
M2 68.38 5.45 ± .08 5.61 ± .08 1.9'2 .1669 
82 70.04 

I 
5.43 ± .08 5.62 ± .08 2.81 .0943 , 

T2 7l.47 5.42 ± .08 5.63 ± .08 3.15 .0766 
N2 75.03 5.45 ± .08 5.6 ± .08 1.74 .1877 
02 83 .82 5 . .52 ± .08 5.54 ± .08 .03 .8608 
P2 97.62 5.56 ± .08 5.5 ± .08 .29 .5874 

Q2 94.27 5.52 ± .08 5 .. 53 ±.08 .02 .8921 
R2 99.02 5.53 ± .08 5.53 ± .08 0 .963.1 
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WK3 TO WK6 GAIN (GAIN2) 

Marker Location (eM) M 16i1M16i I, M16i1CAST F-Value I P-Value 
A2 2.35 19.,66 ± .26 19.13 ± .28 1.92 .1671 
B2 12.S 19'.75 ± .26 19.03 ± .28 3.43 .0647 
C2 15.18 19.86 ±.26 lS.92 ± .2S 5.94 .0153 
D2 28.01 20. 1 ± .27 18..75 ±: .26 12.69 .0004 
E2 31.57 20.2 ± .27 IS.67± .26 15.95 .0001 
F2 40.36 20.35 ± .26 18.39 ± .27 26.7S .0001 
G2 49.15 20.21 ± .26 18.56 ±, .27 18.46 .0001 
H2 53.9 20.33 ± .27 18.5 ± .26 22.75 .0001 
I2 55.8 20.36 ± .26 

I 

IS.46± .27 24.59 .0001 
J2 58.41 20.36 ± .27 IS.52 ± .26 23.13 .0001 
K.2 61.02 20.29 ± .27 IS.59 ± .26 19.55 .0001 
L2 65.53 20.02 ± . .28 18.85 ± .26 9.12 .0027 
M2 ,6S.38 20.01 ± .28 18.85 ± .26 8.8 .0032 
52 70.04 20.05 ± .28 18.85 ± .26 9.52 .0022 
T2 71.47 20.07 ± .28 18.82 ± .26 10.11 .0015 
N2 75.03 20.22 ± .27 IS.66 ± .26 15.86 .0001 
02 S3.S2 20.141 ± .2S IS.78 ± .26 12.08 .0006 

I P2 97.62 19.99 ± .28 18.92 ± .26 7.5 .0065 
Q2 941.27 19.72± .28 19.15 ± .27 2.16 .1429 I R2 99.02 19.75 ± .28 19.12 ± .27 2.56 ,1103 

WK6 TO WK9 GAIN (GAIN3) 

MaJ~er Location (eM) M16iJM16i M16i1CAST F-Value P-Value 

A2 2.35 6.32 ± .22 5.7 ± .24 3.71 .055 

H2 12.8 6.23 ± .22 5.S3 ± .24 1.49 .2237 
C2 15.18 6.27 ± .22 5.,8 ± .23 2.07 .ISll 
D2 28.01 6.32 ± .23 5.78 ± .23 2.8 .0951 

E2 31.57 6.4 ± .24 5.13 ± .23 4.08 .0442 

F2 40.36 6.64 ± .22 5.39 ± .23 14.57 .0002 

G2 49.15 6.91 ± .22 5.13 ± .22 30.91 .0001 

H2 53.9' 6.92 ± .23 5.1S ± .22 28.93 .0001 

12 55.8 6.84 ± .23 5.21 ± .23 25,.09 .0001 

J2 58.41 6.96 ± .23 5.17 ± .22 30.58 .0001 

K.2 61.02 6.99 ± .23 5.14 ± .22 33.37 .0001 

L2 65.53 7.01 ± .23 5.13 ± ,.22 34.62 .O()(H 

M2 68.38 7.03 ± .23 5.11 ± .22 35.78 .0001 
, S2 70.04 7.15±.23 5.04 ± .21 44.SI .0001 

T2 71.47 7.1±.23 5.06 ± .21 41.46 .0001 

N2 75.03 6.94 ± .23 5.17 ± .22 29.29 .0001 

02 83.82 6.76 ± .24 5.38 ± .22 17.64 .0001 

P2 97.62 6.74 ± .24 5.38 ± .22 17.26 .0001 

Q2 94.27 6.75 ± .23 5.35 ± .22 18 .. 39 .0001 

R2 I 99.02 6.53 ± .24 5.5& ±.22 8.26 .0043 
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WK9 TO WK12 GAIN (GAlN4) 

Marker Location (eM) M16i1M16i 
, 

M16i1CAST F-Value P-Value 

A2 2.35 2.35 ± .15 2.47 ± .16 .3 .585 
B2 1.2.8 2.31 ± .15 2.5 ± .16 .74 ! .39 
C2 15.18 2.42 ± .15 2.38 ± .16 .0.3 .8518 
D2 28.01 2..39 ± .16 2.41 ± .16 .01 .9371 
E2 31.57 2.45±.16 2.35 ± .16 , .23 .631 
F2 40.36 2.56± .16 2.22 ± .16 2 .. 25 .1342 
G2 49.15 2.65,± .16 2.13 ± .16 5.24 .0.226 
H2 53.9 2.71 ± .16 2.1±.16 7.27 .0074 
12 55.8 2.73 ± .16 2.0.7 ± .16 8.47 .0038 
J2 58.41 2.79 ± .16 2.03 ± .15 11.26 .0009 
K2 61.02 2.88 ± .16 1.96 ± .15 16.51 .0001 
L2 65.53 2.98 ± .16 1.87 ± .15 25.41 .0001 
M2 68.38 2.93 ± .16 1.92 ± .15 , 20..37 .0001 

! S2 70..04 2.95 ±.16 1.92 ± .15 21.23 .0001 , 

T2 71.47 2.95 ± .16 1.91 ± .15 22.15 .0001 
N2 75.03 2.91±.I6 1.93 ± .15 18.91 .0001 
02 83.82 2.86 ± .16 1.99 ± .15 14.66 .0002 
P2 97.62 2.74 ± .16 2.1 ± .15 8.'07 , .0048 
Q2 94.27 2.71 ± .16 2.12 ± .15 6.9 .009 
R2 99.02 2.6 ± .16 2.23 ± .15 2.72 .0998 

HRTIWK.12 (HRTP) 

Marker Locatio,1} (eM) Ml6iIM16i M16i1CAST F-Value P-Value 

A2 2.35 .594 ± .008 .587 ± .008 .32 .5734 
B2 12.8 .59 ± .008 .591 ± .0.08 .0.2 .897S. 
C2 15.18 .587 ± .008 .594 ± .008 043 .5146 
D2 28.001 . .584 ± .008 .597 ± .008 1.41 .2363 
E2 31.57 .581 ± .008 .599 ± .008 2.42 .121 
F2 400.36 .566 ± .008 .61:8 ± .008 22.16 .0001 
G2 49.15 .564 ± .0008 .619 ± .'008 24.6 .0001 
H2 53.9 .564 ± .008 .617 ± .008 23.15 .0001 
I2 55.8 .565 ± .008 .617 ± .0.08 22.0.2 .0001 
J2 58.41 I .56,2 ± .008 .618 ± .008 25.63 .0001 
K2 61.002 .562 ± .008 

, 

.617 ± .008 24.89 .0001 
I 

L2 65.53 .564 ±.008 .615 ± .00.8 20.9.2 .0001 
M2 68.38 .565 ± .008 .614 ± .008 19.08 .0001 
S2 70.0.4 .564 ±.G08 .615 ± .008 20.93 .0001 
T2 71.47 .563 ± .0.08 .615 ± .0.08 21.44 .0001 
N2 75.03 .565 ± .008 .614 ± .008 18.69 .0001 

, 02 83.82 .576 ± .0.08 .604 ± .008 5.59 .0186 
P2 97.62 .583 ± .008 .599 ± .008 1.91 .1683 
Q2 94.27 .583 ± .008 599 ± .00.8 1.84 .1756 
R2 99.0.2 .588 ± .008 .. 594± .008 .21 .6479 
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UVIWK12 (LIVP) 

Marker Location (eM) M16i1M16i M16i1CAST F·VaJue P-Value 
A2 2.35, 7.62 ± .05 7.56± .0.5 .75 J .3886 
B2 12.8 7.63 ± .05 7.57 ± .05 .87 : .3523 
C2 15.18 7.63 ± .05 7.57 ± .05 .89 .3464 
D2 28 .. 01 7.64 ± .05 7.:56 ± .05 1.47 .2268 
E2 31.57 7.66 ± .05 7.54 ± .05 2.47 .1169 

I F2 40.36 7.67 ± .05 7.52 ± .05 4.35 .0377 
G2 49.15 7.68 ± .05 I 7.51 ±.OS 5.26 .0224 
H2 5;3.9 7.69 ± .05 7.5 ± .05 6.9 ,0090 
12 55.8 7.69 ± .05 7.5 ± .05 7.25 .0074 
12 58.41 7.7 ± .005 ! 7.5.± .05 8 .0049 
K2 61.02 7.69 ± .05 7.5 ± .05 6.67 .0102 
L2 65.53 7.68 ± .05 7.51 ± .05 5.43 .0203 
M2 68.38 7.66 ± .05 7.53 ± .05 3.05 .0814 
82 70.04 7.66± .05 7.54 ± .05 2.75, .0983 
T2 

I 
71.47 7.66 ± .05 7.54 ± .05 2.9 .08% 

N2 75.03 7.66 ± .05 7.53 ± .05 2.93 .0878 
02 83.82 7.65 ± .05 7.54 ± .05 2.29 .1315 
P2 97.62 7.64 ± .O5 7.55 ± .OS 1.41 .2355 , 

Q2 94.27 7.62 ± .05 7.57± .05 .49 .4863 
R2 99.02 7.61 ± .05 7.58 ± .05 .23 .629 , 

SPLlWK12 (SPLP) 

Marker Location (eM) M16iJM16i M16i1CAST F-Value P-Value 

A2 2.35 .542 ± .009 .532 ± .01 59 .4423 
B2 12.8 .539 ± .009 .536 ± .01 .06 .8114 
C2 15.18 .54 ± .009 .535 ± .01 .12 .7312 

D2 28.01 .538 ± .01 .537 ± .009 .01 . 942 

E2 31.57 .542 ± .01 .533 ± .009 .42 .5185 
F2 40.36 .533 ± .009 .541 ± .01 .32 .5695 

i 

G2 49.15 .524 ± .01 .55 ±.01 3.6 .0586 

H2 
i 

53.9 .517 ± .01 .556 ± .009 7.85 .0054 

12 55 .. 8 .518 ±.OI .557 ± .01 , 7.8 .0055 

J2 58.41 .516 ± .01 .557 ± J)()9 8.61 .0036 

K2 61 .02 .514 ± .01 .559 ± .009 10.63 I .0012 
L2 65.53 .5l1 ± .01 .562 ± .009 14.17 .0002 

M2 68.38 .507 ± .(n .565 ± .0009 17.74 .0001 I 
! 

82 70.04 .508 ± .01 .563 ± .009 16.41 .0001 

T2 71.47 .511 ± .01 .561 ±.'OO9 13.04 .0003 
! 

.557 ± .009 9.32 .0024 Nl 75J)3 .515 ± .01 
02 83.82 .519 ± .01 .553 ± .009 5.86 .016 

P2 97.62 .52S± .01 .547 ± .009 2.57 .1096 

Q2 94.21 .527 ± .01 .545 ± .. 009 1.71 .192 

R2 99.02 .529 ± .01 .543 ± .009 1.03 .3107 
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KIDIWK12 (KIDP) 

Marker Location (eM) M16i!M16i M16i1CAST , F-Value P-Value 

A1 2.35 .82 ± .008 I, .817 ± .009 '<)6 .8088 
B2 12.8 .82 ± .008 .818 ± .009 .03 .8544 
C2 15.18 .818 ±.6OS 

, 
.821 ±.009 .06 .8064 

D2 28.01 .801 ± .009 .836 ± .008 8.52 .0037 
E2 31.57 .795 ± .009 .84 ± .008 13.39 .()()()3 
F2 40.36 .792 ± .008 .S46 ± .009 19.73 .0001 
G2 49.15 .788 ± .008 .85 ± .008 25.67 .0001 
H2 53.9 I 

.786 ± .008 .85 ± .008 28.12 .0001 
12 55.8 .788± .008 .849 ± .008 25.88 .0001 
12 58.41 .784 ± .OOS .851 ± .008 30.58 .0001 
K2 61.02 .781 ± .008 .853 ± .008 37.08 .0001 
L2 65.53 .776 ± .008 .857 ± .008 48.46 .0001 
M2 68.38 .779 ± .008 .854 ± .008 39.11 .0001 
82 70.04 .778 ± .008 .854 ± .008 42.19 .0001 
T2 71 .47 .779 ± .008 .854 ± .008 39.69 .0001 
N2 75.03 .782 ± .008 .853 ± .008 34.78 .0001 
02 83.82 .782 ± .009 .851 ± .008 33.13 .0001 
P2 97.62 .783 ± .009 .851 ± .008 32.06 .O()()1 

Q2 94.27 .784 ± .008 .851 ± .008 30.93 .0001 
R2 99.02 .789 ± .009 .845 ± .008 21.27 .OOO) 

TE81WK12 (fE8P) 

Marker Location (eM) M16i1M16i MI6i1CAST F-Valne P-Value 

A2 2.35 .202 ± .004 I .225 ± .005 12.88 .0004 I 

B2 12.8 .199 ± .004 .226 ± .004 17.62 .0001 
I C2 15.18 .198 ± .005 .226 ± .004- 18.27 .0001 

D2 28.01 .203 ± .005 .221 ± .004 7.69 i .0062 
E2 31.57 .205 ± .005 .219 ± .004 4.12 .0441 
F2 40.36 .205 ± .005 .221 ± .005 5.14 .0247 
G2 49.15 .204 ± .005 .221 ± .005 5.49 .0204 
H2 53 .9 .205 ± .005 .221 ± .005 4.37 .0382 
12 55.8 .205 ± .005 .221 ± .005 4.24- .0412 
J2 58.41 .204± .005 .221 ± .005 5.84 .0168 

I 

K2 61.02 .203 ± .005 .222 ± .005 6.34 .0128 
L2 65.53 .207 ± .005 .218 ± .005 2.19 .141 
M2 68.38 .206 ± .005 .219 ± .OO5 2.61 .1082 
82 70.04 .204 ± .005 .22 ± .005 4.74 .031 
T2 71.47 .205 ± .. OO5 .221 ± .005 4.48 .0358 
N2 75.03 .. 205 ± .005 .221 ± .005 4.8 .03 
02 . 83 .82 .207 ± .005 .218 ± .005 2.07 .1519 
P2 97.62 .209 ± .005 .217 ± .005 1.06 .305 
Q2 94.27 .211 ± .005 .215 ± .005 .21 .645 
R2 99.02 .211 ± .005 .215 ± .. 005 .4 .5263 
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SCFIWK12 (seFP) 

Marker Location (eM) M16i1M16i M16iJCAST F-Value P-Value 
A2 2.35 .578± .02 .575 ± .022 .01 .9183 
B2 12.8 .58± .02 .569 ± .022 .12 .7306 
C2 15.18 .592 ± .021 .556 ± .022 1.44 .2302 
D2 28.01 .613 ± .021 .538 ± .021 6.29 .. 0126 , 

E2 31.57 .,621 ± .022 .534 ± .021 8.U .0047 
F2 40.36 .652 ±.02 .496 ± .021 I 27.21 .OO(ll 
G2 49.15 .662 ± .02 .488 ± .021 34.09 .0001 
H2 53.9 .679 ± .021 

I 

.417.9 ± .02 45.88 .0001 
, 12 55.8 .675 ± .02 .48 ± .02 44 .. 07 .0001 

J2 58.41 .682 ± .021 .479 ± .02 47.65 .0001 
K2 61.02 .69 ± .021 .474 ±.Ol 55.47 .0001 

I 

L2 65.53 .692 ± .021 .472 ±.02 57.79 I .0001 I 

M2 68.38 .698 ± .02 .468 ± .019 63.67 .0001 
I 

82 70.04 .7 ± .021 .469 ± .019 64.79 .0001 
T2 71.47 .699 ± .021 .469 ± .019 63.98 .0001 
N2 75.03 .702± .02 .462 ± .02 68.96 .000] 

02 83.82 .692 ± .021 .476 ± .02 54.4,6 .0001 
P2 

I 
97.62 .679 ± .021 .488 ±.02 4l.91 .0001 

Q2 94.27 .669 ± .021 .493 ± .02 35.39 .0001 
R2 99.02 .647 ± .022 .514 ± .021 18.92 .0001 

I 

GOFIWK12 (GOFP) 

I Marker Location (cMl M16i1MJ6i MI6iJCAST F-Value P-VaJue 

A2 2.35 .816 ± .029 .812 ± .032 .01 .9335 

B2 12.8 .81 ± .029 .819 ± .032 .04 .8366 

C2 15.18 .826 ±.03 .803 ± .031 .27 .601 

D2 28.01 .844 ± .031 .787 ± .03 1.75 .1863 

E2 31.57 .86±.O31 .775 ± .03 3.69 .0554 

Fl 40.36 .·894 ± .030 .73 ± .031 14.34 .0002 

G2 49.15 .924 ± .029 .703 ± .03 27.03 .0001 

H2 53 .. 9 .941 ± .03 .695 ± .029 33.57 .0001 

12 55.8 .94 ± .029 .688 ± .029 35.57 .0001 

12 58.41 .955 ± .03 .686:t .028 4l.06 .0001 

K2 61.02 .961 ± .03 .681 ± JU8 45.35 .0001 

L2 65.53 .96 ± .029 .683 ± .028 44.94 .0001 

M2 68.38 .977± .. 029 .667 ± .028 56.28 .0001 
I 

S2 70.04 .977 ± .029 .671 ± .028 55.59 .0001 

T2 71.47 .975 ± .029 .669 ± .028 55.55 .0001 

N2 75.03 .972 ± .03 .665 ± .028 54.13 .0001 

02 I 83.82 .9'44 ± .03 .698 ± .029 33.16 .0001 

P2 97.62 .93 ± .031 .711 ± .029 26.03 .000 1 

Q2 94.27 .917± .03 .718 ± .029 21.58 .0001 

R2 99.02 .897 ± .031 .74 ± .029 12.85 I J)OO4 
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APPENDIX12-CONT~D 

FATIWK12 (FATP) 

I Marker Location (eM) MI6iJM16i M16i1CAST F-Value P-Value 

A2 2.35 1397 ±45 1388 ±49 .02 ! .9015 
B2 12.8 1393 ±45 1389 ±49 .. 01 .. 9436 
C2 15.18 1421 ± 46 1358 ±48 .87 .352 
D2 28.01 1460 ±47 1326±46 4.08 .0441 
E2 31.57 1483 ±48 1310 ±46 6.58 .0.107 
F2 40..36 1549 ± 45 1226 ± 47 23.73 .0001 
G2 49.15 1589 ±45 1192 ±46 37.1 .0001 
H2 53.9 1622 ±45 1174 ±44 48.02 .0001 , 
12 :55.8 1619 ± 45 1168 ±45 48.73 .0001 
J2 58.41 1640. ±45 1166±43 54.74 .0001 
K2 61.02 1654 ± 45 1156 ±43 62.0.9 

I 
.0001 

L2 65.53 1654 ± 45 1156 ± 43 62.99 .0001 
M2 68.38 1677±44 1136 ±42 75.15 .0001 
82 70.04 1680. ± 45 1140. ±42 75.12 .0001 
T2 71.47 ! 1677 ± 44 1138 ±42 74.69 .0001 
N2 75.03 1677 ±44 1128 ±43 76.21 .0001 
02 

I 

83.82 1635 ± 46 1177 ±43 50.43 .0001 
P2 97.62 160.9 ± 47 120.1 ± 44 39.0.1 .0001 
Q2 94.27 1586 ±46 1213 ±45 32.48 I .0001 
R2 99'.02 1544 ± 48 1258 ± 45, 18.21 .0.001 
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APPENDIX l3--LEAST -SQUARES MEANS AND F-VALUES FOR EACH TRAIT 
ANALYZED WITH CHROMOSOME ]5 MARKERS 

12 DAY BODY WEIGHT (DAY12) 

Marker Location (eM) M16i1M16i M16iJCAST F-Value P-Value 
B15 5.72 7.29 ± .05 7.16 ± .05 2.99 .0847 
CIS 7.62 7.3 ± .05 7.15 ± .05 3.88 .0495 
DIS 11.8 7.27 ± .05 7.18 ± .05 1.27 .2604 
E15 18.31 7.25 ± .05 7.2 ± . .05 .63 .4280 
A15 21.61 7.27 ± .05 7.18 ± .05 1.57 .2UO 
PIS 23.99 7.24 ± .05 7.21 ± .05 

, 

.11 .7361 
GIS 27,.79 7.24 ± .05 7.21 ± . .05 .2 .6551 
H15 32.3 7.24 ± .05 7.21 ± .05 .14 .7.085 
115 36.27 7.28 ± .05 7.24± .06 .31 .5787 
US 48.9'7 7.21 ± .05 7.24 ± . .05 .19 .6633 

3 WEEK BODY WEIGm (WIG) 

Marker Location (eM) M16i1M16i M16i1CAST F-Value P-Value 

B15 5.72 12.97 ±.Il 12.55 ± .11 7.27 .0073 

CIS 7.62 12.98±,.U 12.S4± .11 7.95 .0051 
DIS 13 .. 8 12.93 ±.Il 12.58 ±.U 4.88 . .0278 

EIS 18.31 12.91 ±.Il 12.61±.1l 3.66 . .0564 
AlS 21.61 12.9±.1l 12.6± .1I 3.63 .0576 
F15 23.99 12.88 ±.11 12.63 ±.11 2.52 .1130 
GIS 27.79 12.89 ±.Il 12.62 ±.11 2.85 . .0925 

HIS 32.3 12.87 ±.1I 12.63 ±.11 2.4 .1222 
]15 36.27 12.9'6 ±.Il 12.75 ±.Il 1.6 .2.067 
US 48.97 12.84± .11 12.67 ±.n 1.27 .2614 

6 WEEK BODY WEIGHT (WK6) 

Marker Location (eM) M16iJM16i M16i1CAST F-Value P-Va]ue 

BIS 5.72 32.59 ±.3 31.78 ± .29 3.63 . .0515 
CIS 7.62 32.63 ±.3 31.74 ± .29 4.3 . .0389 
Dl5 13.8 32.62 ±.3 31.74 ±.3 4 .0463 
EI5 18.31 32.65 ±.3 31.72 ± .29 I 4.63 . .032.0 
AI.5 21.61 32.7 ± .29 31.63 ±.3 6.29 . .0126 
F15 23.99 32.68 ±.3 31.67 ± .29 5.59 .0186 
GIS 27.79 32.78 ±.3 31.59 ± .29 7.75 .0056 
HIS 32.3 32.78± .29 31.48 ±.3 9.52 .0022 
115 36.27 32.81 ±.3 31.87 ± .31 4.63 .0322 
115 48.97 32.64 ±.3 I 31.73 ± .29 4.61 .0325 
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APPENDIX 13--CONTINUED 

9 WEEK BODY WEIGHT (WK9) 

Marker Location (eM) M16i1M16i M16iJCAST F-Value P-VaJue 
B15 5.72 38.8 ± .32 37.63 ± .31 6.81 .0094 
CIS 7.62 38.91 ± .31 37.51 ± .31 9.84 .0019 
015 13.8 38.98 ± .32 37.44 ±.31 11.44 .0008 , 
E15 18.31 39.06 ± .32 37.39 ± .3 13.71 .0002 
A15 21.61 38.93 ± .31 i 37.44 ± .31 11.08 .0010 
F15 21.99 39.04 ±.31 37.37 ± .31 14.21 .0002 
GIS 27.79 39.15 ± .31 37.29 ±.3 17.82 .0001 
H15 32.3 39.09 ±.3 37.2 ± .31 18.66 .0001 
115 36.27 39.08 ±.32 37.47 ± .33 11.87 .0006 
lIS 48.97 39.13 ±.31 37.31±.3 17.38 .0001 

12 WEEK BODY WEIGHT (WK12) 

Marker Location (eM) M16i1M16i M16i/CAST F-Value P-Value 

B15 5.72 41.32 ±.36 39.92 ± .35 7.59 .0062 
Cl5 7.62 41.43 ±.36 39.8 ±.35 10.4 .0014 
DIS 13.8 41.52 ± .36 39.72 ± .35 12.26 .0005 
E15 18.31 41.56 ±.36 39.7 ±.34 13.33 .0003 I 

A15 21.61 41.4 ± .35 39.78 ± .35 10.26 .0015 
F15 23.99 41.53 ± .35 39.69 ± .35 13.27 .0003 
G15 27.79 41.67 ±.35 39.58 ± .34 17.55 .0001 
H15 32.3 41.65 ± .34 39.42 ±.35 20.31 .0001 
J15 36.27 41.66 ± .36 39.55 ±.37 15.95 .0001 
115 48.97 41.69 ± .35 39.56 ± .34 18.68 .0001 

DAY12 TO WK3 GAIN (GAINI) 

Marker Location (£M) M l6iIM16i M16ilCAST F-Value P-Value 

B15 5.72 5.68 ± .08 5.39 ± .08 6.47 .0114 
CIS 7.62 5.68 ± .08 5.38 ± .08 6.53 .0110 
D15 13.8 5.66 ± .08 5.4 ± .08 5.18 .0235 
El5 18.31 5.65 ± .08 5.41 ± .08 4.35 .0316 
AU 21.61 5.63 ± .08 5.42 ± .08 3.18 .0756 
F15 23.99 5.64 ± .08 5.42 ± .OS 3.76 .0531 
GIS 27.79 5.65 ± .08 5.41 ± .08 4 .. 02 .0458 
HIS 32.3 5.63 ± .08 5.42 ± .08 3.41 .0632 
J15 36 . .27 5.68± .08 5.51 ± .08 1.86 .1740 
115 48.'97 5.63 ± .08 5,43 ± .08 3.25 .0724 
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APPENDIX 13--CONTlNUED 

WK3 TO WK6 GAIN (GAIN2) 

Marker Location (eM) M16iJM.16i MI6i/CAST F-Value P-VaJue 
BI5 5.72 19.62 ± .28 19.23 ± .27 I; L03 .3106 
CIS 7.62 19.65 ± .28 19.2 ± .27 1.32 .2S1O 
015 13.8 19.68 ± .28 19. 16 ± .. 27 1.71 .191S 
E15 18.31 19.75 ± .28 19.12 ± .27 2.S3 .1123 
AIS 21.61 19.8 ±.27 19.03 ± .27 3.93 .0482 
FI5 23.99 19.8 ± .27 19.04± .27 3.8.2 .0515 
GIS 27.79 19.89 ± .27 18.97 ± .27 5.61 I .0183 
HIS 32.3 19.92 ±.26 18.85 ±.28 7.56 .0063 
Jl5 36.27 19.85 ± .28 19.12 ± .29 3.24 

'I 

.0728 
i U5 48.97 19.8 ± .27 19.06 ± .27 3.6 .0585 

WK6 TO WK9 GAIN (GAIN3) 

Marker Location (eM) M16i1MI6i MI6i1CAST F-Value P-Value 

BI5 5.72 6,.21 ± .24 5.85 ±.23 1. 11 .2920 
CIS 7.62 6.29 ± .24 5.77 ± .23 2.36 .1256 
DIS 13.8 6.36± .24 5.7 ± .23 3.81 .0518 

I E15 18.31 6.4 ± .24 5.67 ± .23 4.73 .0303 
A15 , 21.61 I 6.23 ± .23 5.81 ± .23 1.53 .2174 
F15 23.99 6.36 ± .23 5.7 ± .23 3.94 .0480 

, 

G15 27.79 6.37 ± .23 5.7 ± .23 
, 

4.0.9 .0438 
H15 32.3 6.31 ± .23 5.72 ± .24 3.14 .0772 
115 36.27 6.27 ± .23 5.6 ± .24 3.97 .0473 
115 48.97 6.49 ± .23 5.58 ± .23 7.67 .0059 

WK9 TO WK12 GAIN (GAIN4) 

Marker Location (eM) MI6i1M16i M16i1CAST F-Value P-Value 

B15 5.72 2.52 ± .16 2.3 ± .16 .97 .3244 i 

CIS 7.62 2.52 ± .16 2.29 ± .16 : 1 .3189 

015 13.8 2.54 ± .16 2.27 ± .16 1.28 .2591 

ElS 18.31 2.5±.16 2.31 ± .16 .71 .3996 

A15 21.61 2.47 ± .16 2.33 ± .16 .34 .5582 

Fl.S 23 .99 2.48 ± .16 2.32 ± .16 .49 .4829 

GIS 27..79 2.52 ± .16 2.29 ± .16 1.02 .3139 

HIS, 32.3 2.56 ± .15 2.22 ± .16 2.23 .1365 

J15 36.21 2.58± .17 2.08 ± .17 4.25 .0401 

48.97 2.56 ± .16 2.25 ± .16 ! 1.91 .1680 
, 

]15 
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APPENDIX I3-CONTINUED 

HRTIWK12 (HRTP) 

Marker ! Location (eM) Ml6i1MI6i M16iJCAST F-Value P-Value 
815 5.72 .592 ± .008 .59 ± .008 .03 .8531 
CIS 7.62 .592 ± .008 .59 ± .008 .04 .8393 
DlS 13.8 589 ± .008 .593 ± .008 .11 .7366 
E15 18.31 .59 ± .008 .591 ± .008, .01 .9375 
A15 21.61 .591 ± .008 .591 ± .008 0 .9803 I 

I 

F1:5 23.99 .592 ± .008 .589±.008 .06 .8111 
GIS 27.79 .591 ± .008 59 ± .008 0 .9581 
Hl5 32.3 .589 ± .008 .592 ± .008 .06 .8010 
115 36.27 .583 ± .006 .594 ±.006 1.61 .2055 
115 48.97 ,587 ± .008 .593, ± .008 .28 .6000 

LIVIWK12 (LIVP) 

Maiker Location (eM) M16i1M:16i M]6i1CAST F-Vall1e P-Value 
BlS 5.72 7.55 ± .05 7.64 ± .05 1.54 .2153 
CIS 7.62 7.55 ± .05 7.63 ± .05 1.23 .2683 
015 13.8 7.57 ± .05 7.62 ± .05 .42 .5170 
E15 18.31 7.58 ± .05 7.61 ± .05 .15 .6986 
A15 21.61 7.56 ± .. 05 7.,63 ± ,05 .96 .3286 
FlS 23.99 7.57 ± .05 7.62 ± .05 .38 

I 
.5386 

I 

GIS 27.79 7.58± .05 7.61 ± .05 .11 .7362 
HIS 32.3 7.6 ± .05 7.59 ± .05 .02 .8989 
J15 36.27 7.62 ± .05 7.58 ± .06 .38 .n96 
115 48.97 7.58 ± .05 7.61 ± .05 .22 'I .6388 

SPLIWK12 (SPLP) 

Marker Location (eM) M16i1.M16i M16iJCAST F-Value P-VaJue 
B15 5.72 .535 ± .01 .539 ± .01 .07 .7876 
CIS 7.62 .535 ± .01 .539 ± .01 .09 .7614 
DIS 13.8 I .534 ± .01 .54 ± .01 .]7 .6793 
EIS 18.31 .538 ± .01 .536 ± .01 .002 .89.27 
A15 21.61 .54 ± .01 .534 ± .01 .16 .6892 
Fl5 23.99 .54 ± .01 .535 ± .. 01 .15 .7003 I 

GIS 27.79 .539 ±.01 .536 ± .01 .04 I .8513 
HIS 32.3 ,.54 ± .009' .534 ± .01 .15 .7015 
Jl5 

I 

36.27 .539 ± .01 

1 
.534 ±.01 .11 .7384 

115 48.97 .541 ± .01 .534 ±.Ol .27 .6013 
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APPENDIX 13--CONTINUED 

KIDIWK12 (KIDP) 

Mamer Location (eM) M16i1M16i Ml,6i1CAST F-Value P-Value 

B15 Ii 5.72 .799 ± .009 .836 ±.OO8 :1 9.52 .0022 
C15 7.62 .799 ± .009 .836± .008 9.2 .0026 
D15 13.S .798 ± .009 .838 ± .009 10.03 .0017 
E15 18.31 .799 ± .009 .836 ± .008 8.93 .0030 
AI5 21.61 .8 ±.OOS .837 ± .. 009 9.3 .0025 

I 

FI5 23.99 .798 ± .009 .838 ± .008 10.3S .0014 
GI5 27.79 i .8 ± .009 .835 ± .008 8.12 .0046 I 

H15 32.3 .803 ± .008 .836 ± .009 7 .0085 
115 36.27 .S03± .009 .838 ± .009 7.09 .0081 
US 4S.97 .80S ± .009 .S29 ± .009 2.91 .0890 

TESlWK12 (TESP) 

Marker Location (eM) M16i1M16i MI6i1CAST F-Value P-Value 

B15 5.72 .207 ± .005 .21S ± .004 2.42 .1221 
C15 7.62 .208 ± .005 .217 ± .005 1.85 .1763 
DlS 13.8 .209 ± .005 .216 ± .005 .94 .3338 
EI5 18.31 .21 ± .005 .216 ± .005 .74 .3912 
AI5 21.61 .209 ± .005 .216 ± .005 1.09 .2979 
FI5 23.99 .21 ± .005 .216 ± .005 .76 .3848 
GIS 27.79 .209 ± .005 . .216 ± .005 1.14 .2882 
HIS 32.3 .211 ± .005 .21S ± .005 .22 .6433 
Jl5 36.27 .213 ± .005 .lU± .005 0 .9785 
U5 48.97 .21 ± .005 .216 ± .005 .72 .3976 

SCFIWK.12 (SCFP) 

Marker Location (eM) Ml6iJM16i Ml6iJCAST F-Value P-Value 

BI5 5.72 .624 ± .022 .534 ± .021 8.44 .0039 
CIS 7.62 .631 ± .022 .527 ± .021 11.44 .0008 
D15 13.8 .631 ± .022 .526 ± .021 11 .0010 

! 

EI5 18.31 , .631 ± .022 .528 ± .. 021 10.89 .oon 
AIS 21.61 .624 ± .021 .53 ± .022 9.22 .0026 
FIS 23.99 .63 ± .021 526 ± .021 11.45 .0008 

GIS 27.79 .627 ± .022 , .53 ± .021 9.81 .0019 
H15 32.3 .613 ± .021 .537± .022 6.11 .0139 
J15 36.27 .61 ± .022 ..519 ± .023 7.63 .0061 ! 

115 48.97 .623 ± .022 .534 ± .021 8.43 .0039 
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APPENDIX 13--CONTINUED 

GOFIWK12 (GOFF) 

Marker Location (eM) M16i1MI6i M16i1CAST f-Value P-Value 

BI5 5.72 .883 ± .03} .7:51 ± .03 9.1S .0027 
C}5 7.62 .89± .031 .743 ± .03 11.31 .0009 
015 13.8 .894 ± .031 .738± .03 12.42 .0005 

I 

E15 18.31 .897 ± .031 .738± .03 13.12 .0003 , 

AU 21.61 .889 ± .03 .739' ±.03 12.01 .0006 
FI5 23.99 .906 ± .03 .725 ±.03 17.46 .0001 
G15 27.79 .9:i .03 .732 ± .03 15.03 .0001 
H15 32.3 .882 ± . .029 .738 ± .031 11.13 .0009 
115 36.27 .882 ±.03 .124 ± .03 HAl .0008 
115 48.97 .885 ± .03 .748 ± .03 10.05 I .0017 

FATIWK12 (FATP) 

Marker Location (eM) M16ifM16i M16ilCAST F-Value P-Value 

B15 5.72 1507 ± 47 1287 ±46 10.74 .0012 
CIS 7 .. 62 IS21 ± 47 1272 ±46 13.73 .0002 
DIS 13.8 1526 ± 47 1267 ±46 14.21 .0002 
El5 18.31 1528 ±48 1269:i 46 14.7 .0001 
AlS 21.61 1513 ± 46 1272 ±47 13.05 .0003 

I 

F15 2.3.99 1536 ± 47 1253 ± 46 17.96 .0001 
GIS 27.79 1528 ±47 1265 ± 46 15.41 .0001 
HIS 32.3 1496 ± 45 1278 ±48 10.61 .0012 
115 36.27 1494 ± 49 1245 ± 51 11.92 .0006 
115 48.97 15D ±47 1281 ± 46 12 .0006 
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APPENDIX 14--MAPPING OF QTL UTILIZING SINGLE MARKER 
F-V ALUES FOR CHROMOSOME 2 
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8 Week Body WeIght (WKI) 

16 

14 

12 
P<.OO'll 

10 
." 

<: 
!!. 8 c 
It P< .01 

6 

4 P < .08 

2 

0 
0 20 40 60 80 100 

Recombination Frequency {eM) 

B Week Body Weight (WKI) 

60 

50' 

40 

." 

<: 
!!. 30 i 

20 

10 
,p < .001 

P <.01 
P< .. 05 

0 
0 20 40 BO 10 100 

Recombination Frequency (eM, 

167 



APPENDIX 14--CONTINUED 

12 Week Body Weight 

80 

70 

60 

150 
.". 
<: 
ai' 

i 40 

30 

20 

p < .001 
1,0 P < .01 

P < .015 
0 

0 20 40 60 
Recombination Fr,equeney (eM) 

80 100 

DAY12 To WK3 Gain (GAIN1) 

.. P<.05 

3.5 

:5 

2.15 ... 
< 
!. 2 c 
II 

U 

1 

U 

0 

0 20 40 80 aD 100 
Recombination IFrequency (eMJ 

168 



" <: 
I» 

ii 

"n 

<: 
t 

APPENDIX 14--CONTINUED 

WK3 To WKI Gain CGAlN2) 

30 

20 

15 

10 

O+-------~~------~--------~--------r_------~ 
o 20 40 10 80 1100 

Recombination Frequency leM) 

WK6 To WK8 Gain IGAIN3) 

411 

40 

35 

30 

211 

20 

15 

10 

5 

0 
0 

Recombination frequency (eM. 

169 

P < .001 

P< .01 

P < .06 

P < .01 

P< .06 



APPENDIXI4-CONT~D 

WK9 To WK12 Gain CGAIH4) 

30 

26 

20 

." 
C:: 
!!. 111 
i 

P < .081 
18 

P < .01 

6 P < .01S 

0 
0 211 48 80 80 100 

Recombination Freq,uency (eM) 

H.eart Weight I WK12 (HRTP) 

30 

25 

20 

"II 
C:: 

11S I 
.. 
i 

P< .001 
10 

p< .01 

II pc .06 

O. 

0 20 80 80 100 
Recombination Frequency (eM) 

170 



--

APPENDIX 14-CONTINVED 

Uver Weight I WK12 (LNP) 

8 

7 P < .01 

6 

5 
." 
.::: 
!!. 4 c 

P< .. OI .. 
3 

2 

1 

0 

0 
Recombination ,Frequency (eM) 

Spleen Weight I WK12 (SPLP) 

18 

18 

14 

'iI2 
P < .001 

." 10 C:: 
II 

i 8 
P< .01 

6 

4' P<.OI 

I 
2 

20 40' 80 BD 10D 
Recombination Frequency (cM) 

171 



APPENDIX 14--CONTINVED 

Kidney Weight f WK12 (KIDP. 

50 

45 

40 

35 

30 
"'III 
<: 
!l. 25 
Ii 

20 

15 
P < .00,1, 

10 
P < .01 

6 P< .06 

0 

0 29 40 60 80 100 
Recombination Flrequency (cM) 

Testis Weight I WK12 (TESP) 

20 

18 

16 

14 

.". 12 
<: p < .001 
II 10, i 

8 
P < .01 

6 

.. P< .05 

2 

20 40 60 80 100 
Recombination Frequency (eM), 

172 



70 

60 

110' 

"II <10 
~ 
!!. 
Ii 

30 

26 

10 

0 
0 20 

60 

50 

40' 

"II 
~ 

30 !!. c 
110 

20 

10 

0 

0 20 

APPENDrx14-CONT~D 

Subcutaneous F .. Pid Weight I WK12 fSCFPI 

<10 80 80 
Recombination Frequency (eM) 

Gonadal Fat Pad Weight' WK12 (GOFP) 

<10 80 80 
IRecombination Frequency (eM) 

173 

100 

100 

P < .001 
P<.01 
P< .011, 

P< .001 

P < .01 

P< .011 



80 

70 

80 

1i0 

" <: 
II 40 C 
It 

30 

20 

10 

0 

APPENDIX 14--CONTINUED 

Total F.t Pad Weight I WK12 (FATP) 

0 
Recombination Frequency (eM) 

174 

P < .001 
P< .01 
P< .05 



'TI 

< III 

i 

'TI 

C: 
III 

i 

APPENDIX 15-~MAPPING OF QTL UTILIZING SINGLE MARKER 
F-VALUES FOR CHROMOSOME 15 
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WK9 To WK12 Gain (GAIN4) 
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APPENDIX 16--LEAST -SQUARES MEANS FOR EACH TRAIT ANALYZED WIlli 
19 MARKER INTERVALS ON CHROMOSOME 2 

N01E: MM=M16iJM16i-M16i!M16i 
HM=M16i1CAST-M16i1M16i 

12 DAY BODY WEIGHT (DAY12) 

Marker Interval Location (eM) MM 

A2-B2 2.35-12.8 7.14 ± .05 
B2-C2 12.8-15.18 7.17 ± .05 
C2-D2 15.18-28.01 7.11 ±.05 
D2-E2 28.01-31.57 7.15 ± .05 
E2-F2 31.57-40.36 7.15 ± .05 
F2-G2 40.36-49 .. 15 7.16 ± .05 
G2-H2 49.15-53.9 7.15 ± .05 
H2-J2 53.9-55.8 7.14 ± .05 
12-J2 55.8-58.41 7.15 ± .05 
J2-K2 I 

I 
58.41-61.02 7.13 ± .05 

K2.,L2 61.02-65.53 7.13± .05 
L2 .. M2 65.53-68.38 7.11 ± .05 
M2-S2 68.38-70.04 7.1 ± .05 
S2-TI 70.04-7L47 7.n ±.05 
T2-N2 71.47-75Jl3 7.1 ± .05 
N2-02 75.03-83.82 7.09 ± .05 
02-P2 83.82-87.62 7.09 ± .05 
P2-Q2 87.62-94.27 7.0.8 ± .05 
Q2-R2 94.27-99.02 7.0.8 ± .05 

3 WEEK BODY WEIGHT (WK3) 

Marker Interval Location (eM) MM: 

A2-B2 2.35-12.8 12.65 ±.11 
B2-C2 12.8-15.18 12.69 ± .11 
C2-D2 15.18-28.01 12.58 ± .11 
D2-E2 28.01-3l.57 12.63 ±.11 
E2-F2 31.57-40.36 12.57 ±.11 
F2-G2 40.36-49.15 12.61 ±.11 
G2-Hl 49.15-53.9 12.57 ±.1I 
H2-12 53.9-55.8 12.58 ± .11 
12-12 55 .. 8-58.41 12.58 ±.11 
J2-K2 58.41-61.02 12.55 ±.11 
K2-L2 61.02-65.53 12.5.5 ±.11 
L2-M2 65,.53-68.38 12.52 ± .11 
M2-S2 68.38-70.04 12.54 ±.Il 
S2-T2 70.04-71.47 12.53 ± .11 
Tl-N2 71.47-75.03 12.53 ±.11 
N2-02 75.03-83.82 12.59 ±'12 
02-P2 

I 

83.82-87.62 12.63 ±.11 
P2-Q2 87.62-94.27 I 12.63 ± .12 
Q2-R2 94.27-99.02 12.59 ±.11 

184 

MH=M16i!M16i-Ml6ilCAST 
HH=MI6i1CAST-MJ 6i1CAST 

MH JIM 
7.54 ± .. 16 7.45 ± .17 
7.21 ± .29 6.4 ± .43 
7.42 ±.13 7.35 ± .16 
6.98± .24 6.%±.34 

7± .24 7.12 ± .15 
6.92 ± .17 7.08 ± .17 
7.28 ± .21 7.13 ±.28 
7.86 ± .52 7.76 ± .61 

7. ±.39 6.86, ± .65 
7.33 ± .3 7 ±.34 
7.02 ±.25 6.78 ± .23 
7.36 ± .31 7.41 ± .34 
7.97± .39 7.88 ± .51 
7.48 ± .66 7.77 ±.43 
7.34 ± .33 6.98 ± .25 
7.29 ± .16 7.06± .18 
6.87 ± .26 7.27 ±.28 
7.39 ± .22 7.16 ± .18 
7.32 ± .23 7.42 ± .25 I 

lMH JIM 

13.18 ± .34 13.37 ± .38 
13..5 ± .61 11.19 ± .93 

13.22 ± .28 13.03 ± .35 
12.74 ± . .51 10.78 ± .72 I 

12.66 ± .51 12.81 ± .33 
12.47 ± .37 12.17 ± .37 
12.59 ±.4S 12.75 ± .. 6 
12.75 ± 1.12 13.38 ± 1.3 
12.85 ± .84 11.19' ± 104 
13.03 ± .65 12.82 ± .73 
12.58 ± .53 12.32 ±.5 
12.89 ± .67 14.01 ± .74 
13.98 ± .85 12.02 ± 1.11 
13.4 ± 1.42 13.21 ± .93 
12.67 ±.72 12.92± .54 
12.26 ± .36 12.76 ± .3g 
11.86, ± .57 13.21 ± .61 
11.14 ± .48 12.3 ± .39 
12.97 ±.51 13.19± .54 

HH 

7.25 ±.06 
7.3 ± .05 

7.29 ± .05 
7.32 ± .05 
7.33± .05 
7.34 ± .05 
7.3 ± .05 
7.29 ± .05 
7.31 ± .05 
7.31±.05 
7.34 ± .05 
7.32 ± .05 
7.32 ± .05 

I 

7.33 ± .05 
7.34 ± .05 
7.36 ± .0.5 
7.35 ± .05 
7.15 ± .05 
7.35 ± .05 

HH 

12.74± .12 
12.82 ±.11 
12.82 ± .12 
12.'94 ±.11 
12.94 ±.11 
12.99'± .12 
12.% ±.11 
U,9'1 ±.II 
12.92 ±.11 
12.94 ± .l1 
12 .. 97 ±.n 
12.94 ± .11 
12.94 ±.11 
]2.96 ± .11 
12.94 ±.n 
12.96 ±.11 
12.87 ±.11 I 

12.87 ±.Il 
'I 1.2.87 ±.11 
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6 WEEK BODY WEIGHT (WK6) 

Marker Interval Location (eM) MM MH HM HH 
I A2-B2 2.35-12.8 32.53 ±.3 30.99 ± .93 31.9 ± 1.03 31.95 ± .33 

B2-C2 12.8-15.18 32.51 ± .29 30.6'9' ± 1.68 34.44 ± 2.55 31.79 ± .31 
C2-D2 15.18-28.01 32.14 ± .31 31.39 ± .. 76 32.65 ± .95 31.67 ± .32 
D2-E2 28.01-31.57 32.80 ± .31 31.24 ± 1.41 31.88± 1.97 . 31.61 ±.3 
E2-F2 31.57-40.36 32.g8 ± .31 30.81 ± 1.37 ' 33.47 ± .88 31.33 ± .31 
F2-G2 40.36-49.15 33.03 ± .3 32.04 ± .99 29.97 ± 1 31.45 ± .31 
G2-H2 49.15-53.9 32 .. 9 ±.3 31.33 ± 1.22 33.18 ± 1.62 31.45 ±.3 
H2-12 53.9-55.8 32.89 ± .3 36, ±3.02 35'.23 ± 3.51 31.32 ±.3 
12-12 55.8-58.41 32.91 ±.3 33.1 ± 23 35.63 ± 3.8 

i 
31.35 ±.3 

J2-K2 58.41-61.02 32.9 ± .31 33.64 ± 1.76 30.74 ± 1.99 31.47 ± .29 
K2-L2 61.02-65.53 32.73 ± .31 

i 
35.29 ± 1,45 29 ± 136 31.64 ± .29 

L2-M2 65.53-68.38 32.57 ± .31 31.92 ± 1.84 32.95 ± 2.04 31.78 ± .3 
M2-82 68.38-70.04 32.58 ± .31 31.26 ±2.33 32.88 ± 3.07 31.77±.29 
82-T2 70.04-71.47 32.61 ±.31 32.18 ± 3.91 33.43 ± 2.56 31.79 ± .29 
T2-N2 71.47-75.03 32 .. 68 ± .31 30.07 ± 1.96 34.22 ± 1.48 31.M ±.3 
N2-02 75.03-83.82 32.89 ± .32 31.92 ± .97 31.16 ± 1.05 31.64 ±.3 , 

02-P2 83.82-87.62 32.7±.31 33.56 ± 1.57 31.42 ± 1.67 31.68 ±.3 
P2-Q2 87.62-94 .. 27 32.54 ±.32 34.7 ± 1.3 30 ± 1.07 31.88± . .3 
Q2-R2 94.27-99.02 32.39 ± .32 31.26 ± 1.4 32 ± 1.5 32.04 ±.3 

9 WEEK BODY WEIGHT (WK9) 

Marker Interval Location (eM) MM MIl HM 1ffi 
A2-B2 2.35-12.8 38.85 ± .31 37.34 ± .97 37.12 ± 1.07 37.71 ± .34 
B2-C2 12.8-15.18 38.76 ±.3 36.36 ± 1.74 42.35 ±2.64 37.6 ± .32 
C2-D2 15.18-28.01 39.1 ± .32 37.15 ± .78 38.7 ± .98 37.46 ± .33 
D2-E2 I 28.01-31.57 39.12 ± .32 . 37.64 ± 1.46 40.96 ±2.03 37.3 ± .3 
E2-F2 31.57-40.36 39.4 ±.31 34.85 ± 1.38 40.97 ± .88 36.8 ± .31 
Fl-G2 40.36-49.15 39.76 ±.3 37.95 ± .99 38.86 ± 1.01 36.5±.31 
G2-H2 49.15-53.9 39.84 ±..3 37.83 ± 1.21 39.17 ± 1.6 36.54 ±.3 
H2-12 53.9-55.8 39~ 81 ±.3 42.96 ± 2.99 42.72 ±3.48 36.51 ± .29 
12-J2 55.8-58.4.1 39.86 ±.3 37.61 ±.2.27 43.65 ± 3.75 36.53 ± .29 
J2-Kl 58.41-61.02 39.89 ±.3 39.42 ± 1.73 38.87 ± 1.96 3659 ± .29 
K2-L2 61.02-65.53 39.8 ± .31 40.69 ± 1.44 34.75 ± 1.35 36.76 ± .29 I 

L2-M2 65.53-68.38 39.66 ± .31 36.37 ± 1.84 38.2 ± 2.04 36.9 ±.3 
M2-S2 68.38-70.04 39.72 ± .31 

: 

33.28 ± 2.31 40.46 ±3.04 36.87 ± .29 
S2-T2 70.04-71.47 39.75 ± .31 38.91 ± 3.89 38.01 ± 255 36.82 ± .29 
T2-N2 71.47-75.03 39.72 ± 31 39.3 ± 1.96 38.9 ± 1.48 36.72 ±.3 
N2-02 75.03-83..82 I 39.8 ± .32 39.33 ± .97 36.33 ± 1.05 36.81 ±.3 
02-P2 83.82-87.62 39.47 ±.32 39.76 ± 1.57 37.02 ± 1.69 37.02 ±.3 
P2-Q2 87.62-94.27 39.35, ± .32 40.45 ± 1.33 3S.96±1.1 I 37.21 ±.3 
Q2-R2 94.27-99.02 39.01 ± .32 40.33 ± 1.44 i 36.07 ± 1.54 'I 37.43 ± .31 

IS5 
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12 WEEK BODY WEIGHT (WK12) 

Marker Interval Location (eM) I MM MH HM , ID:I 
A2-B2 2.35-12.8 41.14 ± .36 40.14 ± 1.U • 39.58 ± 1.22 40.11 ± .39 
B2-C2 12.8-15.18 41.17 ±.34 35.47 ± 1.97 46.32 ±2.98 40.07 ± .36 
C2-D2 15.18-28.01 41.51 ± .37 39.6 ± .89 40.87 ± 1.12 39.85 ± .38 
D2-E2 28.01-31.57 41.53 ± .36 39.64 ± 1.65 45.29 ± 2.31 I 39.66 ±.35 
E2-F2 31.57-40.36 41.89 ± .35 36.57 ± 1L.56 44.03 ± 1 39.04 ± .35 
F2-G2 40.36-49.15 42.31 ±.34 40.8 ± 1.12 42.72 ± 1.13 38.56 ± .35 
G2-H2 49.15-53 .. 9 42.54 ±.34 40.01 ± 1.36 42.35, ± 1.8 38.64 ± .34 
H2-12 53.9-55.8 42.53 ± .33 44.94 ± 3.36 45.82 ±3.91 38.59 ± .33 
I2-J2 55.8-58.41 42.67± .33 38.63 ±2.54 45.14 ±4.2 38.6 ± .33 
J2-K2 58.41-61.02 42.69± .33 41.77± 1.92 44.53 ±2.17 38.55 ± .32 
K2-L2 61.02-65.53 42.78 ± .34 41.5 ± 1.6 37.55 ± 1.5 38.68 ± .32 
L2-M2 65.53-68.38 42.63 ± .34 39.63 ±2.03 39.76 ± 2.24 38.78 ± .33 
M2-S2 68.38-70.04 42.67 ±.34 34.92 ± 2.54 43.06 ±3.35 38.79 ± .32 
S2-TI 70.04-71.47 42.71 ±.34 41.38 ± 4.28 41.11 ± 2.8 38.74 ±, .32 
T2-N2 71.47-75.03 42.61 ± .34 42.22 ±2.16 40 .. 84 ± 1.64 38.62 ± .33 
N2~2 75.03-83.82 42.73 ± .35 41.941 ± 1.07 38.34 ± 1.16 38.73 ± .33 
02-P2 83.82-87.62 42.31 ± .35 42.88 ± 1.75 37.38 ± 1.88 39.01 ± .33 
P2-Q2 87.62-94.27 42.1 ± .36 43.2 ± 1.49 38.16 ± 1.23 39.29 ± .34 
Q2-R2 94.27-99.02 41.67 ± .36 43.79 ± 1.61 37.02 ± 1.72 39.6 ± .35 

DAY12 TO WK.3 GAIN (GAINl) 

Marker Interval Location (eM) MM MH lIM: lUI 

A2-B2 2.35-12.8 5.51 ± .08 5 .. 64 ± .25 5.92 ± .28 5.49 ± .09 
B2-C2 12.8-15.18 5.52 ± .08 6.29 ±.46 4.8 ± .69 5.52 ± .08 
C2-D2 15.18-28.01 5.47 ± .08 5.79 ±.2 5.68 ± .26 5.53 ± .09 
D2-E2 28.01-31.57 5.48 ± .08 5.76 ±.38 3.82 ± .53 5.62 ± .08 
E2-F2 31.57-40.36 5.43 ± .09 5.67± .38 5.69 ± .24 5.61 ± .. 08 
F2~2 40.36-49.15 5.45± .08 5.55 ± .27 5.08 ± .28 5.66 ± .09 
G2-H2 49.15-53.9 5.42 ± .0.8 5.3 ± .33 5.61 ±.44 5.65 ± .08 
H2-12 53.9-55.8 5.43 ± .08 4.89 ± .83 5.62 ± .96 5.62 ± .08 
I2-J2 55.8-58.41 5.44 ± .08 5.85 ± .63 4.34 ± 1.04 5.62 ± .08 

J2-K2 58.41-61.02 5.42 ± .08 5.7 ± .48 5.82 ± .54 5.63 ± .08 

K2-L2 61.02-65.53 5.42 ±.O8 5.56 ±.4 5.54 ±.37 I 5.63 ± .08 

L2-M2 65.53-68.38 5.41 ± .08 5.53 ±.49 6.6 ± .55 5.61 ± .08 

M2-S2 68.38-70.04 5.44 ± .08 6.01 ± .63 4.15 ± .83 5.62 ± .0.8 

S2-T2 70.04-71.47 5.42 ± .08 5.93 ± 1.06 5.44 ± .69 5.63 ± .08 

T2-N2 71.47-75.03 5.42 ± .08 5.33 ± .53 5.94 ± .41 5.61 ± .08 

N2~2 75.03-83.82 5.5 ± .09 4.97 ± .26 5.7 ± .29 5.6± .08 

02-P2 83 .82-87.62 5.53 ± .09 I 5±.42 5.94 ±.45 5.51 ± .08 

P2-Q2 87.62-94.27 5.55 ± .09 5.75 ± .35 5.14 ± .29 5.52 ± .0.8 

Q2-R2 94.27-99.02 5.51 ± .08 5.65 ± .38 5.77 ±.4 5.52± .08 
I 
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WIG TOWK6 GAIN (GAIN2) 

Marker lnterval Location (eM) MM MH lIM HH 
A2-B2 2.35-12.8 19.88 ±.28 17.81 ± .85 18.53 ± .94 19.21 ± .3 
B2-C2 , 

12.8-15.18 19.82 ± .26 17.19' ± 1.53 23.24 ± 2.32 ! 18.'97 ± .28 
C2-D2 , 15.18-28.01 20.16 ±.28 18.17 ± .69 19.62 ± .86 118.85 ± .29 

! 
D2-E2 28.01-31.57 20.18 ± .28 18.5 ± 1.28 21.11 ± 1.78 18.67 ± .27 
E2-F2 31.57-40.36 20.31 ± .28 18 .. 14 ± 1.24 20..66 ± .8 18.38 ± .28 
F2-G2 40..36-49,. 15 20.41 ± .27 19.57 ±.9 17.8 ± .91 18.45 ± .28 
G2-H2 49.15-53.9 20..33 ± .27 18.75 ± 1.1 20.413 ± 1.46 18.49 ± .27 
H2-J2 53.9-55.8 20..32 ± .27 23.25 ± 2.72 21.85 ± 3.16 18.41 ± .27 
J2-J2 55.8-58.41 20..33 ± .27 20..24 ± 2.06 24.44 ± 3.41 18.42 ± .21 
J2-K2 58.41-61.02 20.35 ± .28 20..61 ± 1.59 17.92 ± 1.79 18.53 ± .26 
K2-L2 61.0.2-65.53 20.18 ± .28 22.72 ± 1.31 16.69 ± 1.23 18.67 ± .26 
L2-Ml 65.53-68.38 20.0.5 ± .28 19.03 ± 1.67 18.94 ± 1.85 18.84 ± .27 
M2-S2 68.38-70..0.4 20..0.4 ± .28 17.29 ± 2.11 20..85 ± 2.77 18.83 ± .27 
S2-T2 70..0.4-71.41 20..0.7 ± .28 18.78 ± 2.32 20..22 ±2.J2 18.83 ± .26 
T2-N2 71.47-75.03 20.15 ± .28 17.4 ± 1.78 21.3 ± 1.34 18.69 ± .27 
N2-02 75.03-83.82 20.3 ± .29 19.67 ± .88 18.41 ± .95 18.68 ± .28 
02-Fl 

, 

83.82-87.'62 20..08 ± .28 21.7 ± 1.41 18.21 ± 1.52 18.81 ± .27 
P2-Q2 87.62-94.27 19.9± .29 21.56 ± 1.19 17.7 ± .98 19.0.1 ± .27 
Q2-R2 94.27-99.02 19.8 ± .29 18.29 ± 1.27 18.81 ± 1.36 19.1'7 ±.27 

WK6 TO WK9 GAIN (GAIN3) 

Marker Interval Location (eM) MM MH HM Iffi 

A2-B2 2.35-12.8 6.32 ± .23 6.36 ± . .72 5.22 ± .79 5.76 ± .25 
, B2-C2 12.8-15.18 6.25 ± .23 5.67 ± 1.31 7.91 ± 1.98 5.81 ± .24 

C2-D2 15.18-28.0.1 6.37 ± .24 5.76 ± .59 6.0.4 ± .74 5.78 ± .25 
D2-E2 28.01-31.57 6.32 ± .24 6.4±1.1 9.0.8 ± 1.53 5.69 ± .23 
E2-F2 3l.57-4o..36 6.51 ± .24 4.05 ± 1.06 7.5 ± .68 5.47 ± .24 
F2-G2 40.36-49.15 6.74 ± .23 5.91 ± .75 8.89 ± .76 5.0.5 ± .24 
G2-H2 49.15-53.9 6.94 ± .23 6.5 ± .92 5.99 ± 1.23 5.1 ± .23 
Hl-J2 53.9-55.8 6.92 ± .23 6.96 ±2.31 7.49 ± 2.69 5.19±.23 
12-J2 55.8-58.41 6.95 ± .23 4.51 ± 1.75 8.01 ± 2.89 5.19 ± .23 

12-K2 58.41-61.0.2 6.99 ± .23 5.78 ± 1.32 8.13 ± 1.49 5.12 ± .22 
K2-L2 61.0.2-65.53 7.0.7 ± .23 5.39 ± 1.1 5.75 ± 1.0.3 5.11 ± .22 

L2-M2 65.53-68.38 7.0.9 ± .23 4.45 ± 1.37 5.26 ± 1.51 5.12±.22 

M2-S2 68.38-70..0.4 7.14 ± .23 
: 

2.0.2 ± l.72 7.59 ±2.26 5.1 :t .22 

S2-T2 70..0.4-71.47 7.14 ± .23 6.73 ± 2.89 4.59 ± 1.89 5.03 ± .22 

T2-N2 71.47-75.03 7.0.4 ± .23 9.23 ± 1.46 4.68 ± 1.11 5.0.8 ± .22 
I N2-02 75:0.3-83.82 6.91 ± .24 7.4 ± .73 5.16 ± .79 5.17 ± .23 

02-P2 83.82-87.62 6.77 ± .24 6.2 ± 1.19 5.6 ± 1.28 5.34 ± .23 

P2-Q2 87.62 .. 94.27 6.81 ± .24 5.75 ± 1 5.96 ± .82 5.33 ± .23 

Q2-R2 94.27-99.0.2 6.62 ± .24 9.07 ± 1.0.5 4.0.7 ± 1.13 5.4:t .23 
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WK9 TO WK12 GAIN (GAIN4) 

Marker Interval Location (eM) MM MH I HM HH 
A2-B2 2.35-12.8 2.29±.16 I 

I 2.8 ±.5 2.46 ±.55 2.46 ±.18 
B2-C2 12.8-15.18 2.41±.IS -.89 ± .88 3.97 ± 1.34- 2.48 ± .16 
C2-D2 15.18-28 .. 01 VIl±.17 2.45 ±.41 2.17 ± .51 I 2.4 ±.17 
D2-E2 28.01-31.S7 2.41 ± .16 2± .16 4.33 ± 1.05 2.35 ± .16 , 

E2-F2 31.57-40.36 2.49 ± .17 l.72 ± .14 3.06 ±.48 2.24 ± .17 
F2-G2 40.36-49.15 2.55 ± .16 2.S5 ± .53 3.87 ± .54 2.06 ± .17 
G2-HZ 49.15-53.9 2.69 ± .16 2.18 ± .65 3.18 ± .87 2.1 ± .16 
m-I2 53.9-55.8 2.72 ± .16 1.97 ± 1.62 3.1 ± 1.89 2.07 ± .16 
12-J2 55.8-58.41 2.8 ± .16 1.02 ± 1.22 2.09 ±2.02 2.07 ± .16 
12-K2 58.41-61.02 2.81±.16 2.35 ±.92 5.66 ± 1.04 1.95 ± .15 
K2-L2 61.02-65.53 2.98 ± .16 .81 ± .76 2 .. 8 ±.71 1.92±.15 
L2-M2 65.53-68.38 2.97 ± .16 3.26 ± .95 1.56 ± l.05 I.S9 ± .15 
M2-S2 68.38-70.04 2.95 ± .16 1.64 ± 1.21 2.6 ± 1.59 1.92±.15 
S2-T2 70.04-71.47 2.96± .16 2.47 ± 2.02 I 

3.1 ± 1.32 1.91 ± .15 
T2-N2 71.47~75.03 2.95 ± .16 2.92 ± 1.03 1.94 ± .78 1.91 ± .15 
N2-02 75.03-83.82 2.93 ± .17 2.62 ± .51 2.02 ± .55 1.92 ± .16 
02..,'P2 83.82-87.62 2.84±.16 3. 13 ± .81 .36 ± .87 2.05 ± .15 

, P2-Q2 I 87.62-94.27 2.75 ± .17 2.76 ±.69 2.2 ± .57 2.08 ± .16 
Q2-R2 94.27-99.0.2 2.66 ±.17 3.46 ± .73 .95 ± .78 2.16 ± .16 

HRTIWK12 (HRTP) 

Marker Interval Location (eM) MM 
I 

MH HM HH 

A2-B2 2.35-12.8 .59'4 ± .008 .594 ±.O25 .551 ± .028 591 ±.OO9 
B2-C2 12.8-1:5.18 .587 ± .008 .677 ± .045 .577 ± .068 .592 ± .008 
C2-D2 15.18-28.01 583 ± .008 .609 ± .02 588 ± .03 .595 ± .009 
D2-E2 28.01-31.57 .582 ± .008 .61 ± .038 .541 ± .053 .599 ± .008 
E2-F2 31.57-40.36 .. 568 ± .008 .801 ± .034 .554 ± .022 .606 ± .008 
F2-G2 40..36-49.15 .565 ± .008 .576 ± .026 .56 ± .026 .624 ± .. OOS 

G2-Hl 49.15-53.9 .563 ± .008 .575 ± .032 I .575 ± .042 .62 ± .OOS 

H2-12 53.9-55.8 .563 ± .008 .574 ± .08 .619 ± .093 .617 ± .008 

12-12 55.8-58.41 .561 ± .008 .701 ±.06 . .514 ± .099 I .617 ± .008 

J2-K2 58.41-61.02 .561 ± .008 .577 ± .046 .592 ± .052 .619 ± .008 

D-L2 61.02-65.53 .561:1:: .008 .574±.O38 .647 ± .035 .616± .008 

L2-M2 65.53-68.38 .565 ± .008 .552 ± ,048 .562 ± .053 .616 ± .008 

M2-S2 68.38-10 .. 04 .564 ± .008 .593 ± .061 .527 ±.08 .615 ± .008 

S2-TI 70.04-71.47 .563 ± .008 .601 ± .102 .579 ± ,067 .615 ± .008 

n-N2 7l.47-75.03 .564 ± .008 .. 559 ± .052 .611 ± .039 .615 ± .008 

N2-02 75.03-83.82 .566±.008 .565 ± .025 .686 ± .027 .608±.008 

02-P2 83.82-87.62 .578:1:: .008 .59 ± .04 .77 ± .043 .6 ±.OO8 

Pl-Q2 87.62-94.27 .584 ± .009 .575 ± .035 .581 ± .029' .6± .008 

Q2-R2 94.27-99 .. 02 .586 ± .008 .536 ± .037 .653 ± .039 .597 ±.OO8 
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LIVIWK12 (LIVP) 

Marker Interval Location (eM) MM MIl HM HH 
A2-B2 2.35-12.8 7.64 ± .05 7.47 ± .16 7.46 ± .18 7.58 ±.06 
B2-C2 12.8-15.18 7.64 ± .05 7.5 ± .28 7.48 ± .43 7.57 ± .05 
C2-D2 15.18-28.01 7.66 ± .05 7.51 ±.13 7.58 ± . .16 7 .. 57 ± .05 I 

D2-E2 28.01-31.57 7.66 ±.05 7.29 ± .24 7.58 ± .33 7.56 ± .05 
E2-F2 31.57-40.36 

I 
7.67 ± .05 ! 7.51 ± .24 7.69 ± .15 7.52 ± .05 

F2-G2 40.36-49.15 7.68 ± .05 7.52 ± .17 7.59 ±.17 7.51 ± .0.5 
G2-H2 49.15-53.9 7.,68 ± .05 7.64 ± .21 7.96 ± .28 7.49 ± .05 

I 

H2-I2 53.9-55.8 , 
7.7 ± .05 7.08 ± .52 7.38 ±.6 7.5 ± .05 

I2-J2 55.8-58.41 7.7 ± .05 7.31 ± .39 7.91 ± .65 7.49 ± .05 
J2-K2 58.41-61.02 7.71 ± .05 7.52 ±.3 7.16 ± .34 7.5 ± .05 
K2-L2 61.02-65.53 7.69 ±.O5 7.81 ± .25 7.69 ± .23 7.5 ± .05 
L2-Ml 65.53-68.38 7.68 ±.O5 7.81±.31 7.03 ± .34 7.52 ± .05 
Ml-S2 68.38-70.04 7.66 ± .. 05 7.67 ±.4 7.7 ± .52 7 .. 53 ± .05 
S2-T2 70.04-71.47 7.65 ± .05 8.74 ± .66 8.25 ±.43 7 ... 53 ± .05 
T2-N2 71.47-75.03 7.66 ± .05 7.47 ± 34 7.51 ± .25 7.54 ± .05 
N2-02 75.03-83.82 7.65 ±.06 7.75 ± .17 7.7 ± .18 7.52 ± .05 
02-P2 83.82-87.62 7.66 ± .05 7.59 ± .27 73 ±.29 7.55 ± .05 
P2-Q2 

I 
87.62-94.27 7.62 ± .05 7.91 ± .22 7.59 ± .18 7.55 ± .05 

Q2-R2 94.27-99.02 7.62 ± .05 7.68 ± .24 7.5 ± .25 7.57 ± .05 

SPLIWK12 (SPLP) 

Marker Interval Location (eM) MM MH HM Jlli 

A2-B2 2.35-12.8 ..541 ± .01 .555 ± .03 .525± .034 .534 ± .Oll 
I B2-C2 12.8-15.18 .539 ± .009 .542 ± .055 .594 ± .083 .535 ± .01 

C2-D2 15.18-28.01 .54 ± .01 .539 ± .025 .524 ± .031 .536 ± .01 I 

D2-E2 28.01-31.57 .541 ± .01 .474 ± .046 .584 ± .064 .535 ± .01 
E2-F2 31.57-4036 541 ± .01 .574 ± .045 .481 ± .029 .54 ± .01 I 

F2-G2 40.36-49.15 .527± .01 .589 ± .033 .486 ± .033 .546 ± .01 
G2-H2 49.15-53.9 .515 ±.01 .652 ± .039 .598 ± .05,2 .55 ± .01 
H2-I2 I 53.9-55.8 .517 ± .01 .6 ± .099 .468 ± .115 .556 ± .Ol 
I2-J2 55.8-58.41 .516 ± .01 .465 ± .074 .743 ± .123 .556 ± . .01 

J2-K2 58.41-61.02 .515 ± .01 .544 ± .057 .455 ± .064 .559 ±.009 I 

K2';L2 61.02-65.53 .:51 ± .01 .594 ± .047 .507 ± .044 .561 ± .009 

L2-Ml 65.53-68.38 .51 ± .01 .512 ± .058 .443 ± .064 .565 ± .009 

M2-S2 68.38-70.04 .50.8 ± .0.1 .499 ± .074 .504 ± .097 
I 

.565 ± .009 

S2-T2 70.04-1l.47 .508 ± .01 .389 ± .124 .61 ± .081 .561 ± .009 

T2-N2 7l.47-75.03 .5H ± .01 I .509 ± .063 .61 ±.O48 
, 

.558 ± .009 

N2-02 75.03-83.82 .517 ±.Ol .496 ± .031 .54:t . .034 .559± .01 

02-P2 83.82-87.62 .521 ± .01 .487 ± .05 .639 ± .054 .55 ± .009 

P2-Q2 87.62-94.27 .52,6 ± .01 .502 ± .042 .547 ± .035 .548 ± .01 

Q2-R2 94.27.:99.02 . .53 ± .01 ,487 ± .'045 .529 ± .048 .546 ± .01 
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KIDIWK12 (KIDP) 

Marker Interval Location (eM) MM MH HM llli 
A2-B2 2.35-12.8 .821 ±.OO9 .814 ± .027 .805 ± .031 .818 ± .01 
B2-C2 12.8-15.18 .818 ± .008 .9 ±.O49 .792 ± .074 .818 ± .009 
C2-D2 15.18-28.01 

, 

.807 ± .009 .878± .021 .752 ± .027 .828 ± .009' 
D2-E2 28.01-31.57 .797 ± .009 .857 ± .04 .707 ± .056 .840 ± .008 , 

E2-F2 31.57-40.36 .79 ± .(109 .89 ± .039 .81 ± .025 .845 ± .009 
F2-G2 40.36-49.15 .791 ± .009 .804 ± .028 .764 ± .029 .854 ± .. 009 
G2-H2 49.15-53.9 .787± .009 .SII ± .035 .765 ± .046 .852 ± .009 
H2-J2 53.9-55.8 .785 ± .009 .858 ± .086 .777 ± . .1 .849 ± .008 I 

12-12 55.8-58.41 .784± .009 .916 ± .065 .718 ± .108 .85 ± .008 
J2-K2 58.41-61.02 .782 ± .009 .868 ± .049 .753 ± .056 .853 ± .008 
K2-L2 61.02-65.53 .778 ± .009 .876 ± .04 .792 ± .038 .856 ± .008 
L2-M2 65.53-68.38 .777 ± .008 .723± .05 .941 ± .055 .. 857 ± .008 
M2-S2 68.38-70.04 .778 ± .009 .827±.064 .749 ± .085 .855 ± .008 
S2-TI 70.04-71.47 .777 ± .009 .804 ± .108 .865 ± .071 .854 ± .008 
T2-N2 71.47-75.03 .779 ± .009 .771 ± .055 .846 ± .041 .854 ± .()()8 
N2-02 75.03-83.82 .779 ± .. 009 .806 ± .027 .808 ± .029 .856 ± .008 
02-P2 83.82-87.62 .782 ± .009 .784 ± .043 .803 ± .047 .853 ± .008 
P2-Q2 87.62-94.27 .781 ± .009 .805 ± .036 .819 ± .03 .853 ± .008 
Q2-Rl 94.27-99.02 .786 ± .009 .75 ± .039 .869 ± .042 .85 ± .008 

TESIWK12 (TESP) 

Marker Interval Location (eM) MM :MH 8M ffiI 

Al-B2 2.35-12.8 .201 ± .005 .211 ± .014 .178 ± .022 .228 ± .005 
B2-C2 12.'8-15.18 , .198± .005 .2[S ± .025 .211 ± .036 .226 ± .004 
C2-D2 15.18-28.01 .. 198 ± .005 .19'8 ± .013 .24 ± .014 .225 ± .005 
D2-E2 28.01-31.57 I .205 ± .005 .177 ± .02 .243 ± .03,6 .221 ± .004 
E2-F2 31.57-40.36 .206 ± .005 .194 ± .035 .203 ± .014 .221 ± .005 I 

F2-G2 40.36-49.15 .203 ± .005 .224 ± .016 .223 ± .018 .221 ± .005, 

G2-H2 49.15-53.9 .205 ± .005 .. 195 ± .023 .212 ± .029 .221 ± .005 

H2-J2 53.9-55.8 .205 ± .005 .IS8±.051 .206 ± .021 .221 ± .005 

12-12 55.8-58.41 .204 ± .005 .213 ±.018 .16 ± .0 34 .222 ± .005 

J2-K2 58.41-61.02 .203 ± .'005 .241 ± .029 .23 ± .029 .. 221 ± .005 

K2-U 61.02-65.53 .204 ± .005 .205 ± .022 .26 ± .02 .219 ± .005 

L2-M2 65.53-6838 .207 ± .005 .214 ± .036 .174 ± .048 .219 ± .005 , 

Ml-S2 68.38-70.04 .205 ± .005 .339 ± .05 .152 ± .048 .219 ± .005 

S2-T2 70.04-71.47 .204 ± .005 - .. 219 ± .03 .221 ± .005 

Tl-N2 71.47-75.03 .204 ± .005 .216 ± .035 .21 ± .02 .221 ± .005 

N2-02 75.03-83.82 .206 ± .005 .193 ± .018 .226 ± .018 .221 ± .005 

02-P2 83.82-87.62 .207 ± .005 .217 ± .029 .237 ± .02 .217 ± .005 

P2-Q2 87.62-94.27 .21 ± .. 005 

'I 
.179 ± .023 .219± .019 .217 ± .005 

Q2-Rl 94.27-99.02 .21 ± .005 .243 ± .021 .239 ± .025 .213 ± .005 
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SCFIWK12 (SCFP) 

Marker Interval Location (eM) MM MH HM HH I 
I Al-B2 2.35-12.8 .584 ± .022 .524 ± .067 .542 ± .077 

, 

.576 ± .024 
B2-C2 12.8-15.18 .587 ± .021 .334 ±.12 .996 ± . l81 

, 

.563 ± .022 
C2-D2 15.18-28.01 .61 ± .022 .49 ± .054 .634± .068 .547 ± .023 
D2-E2 28.01-31.57 .611 ± .022 .,671 ±.1 .980 ± .139 .527 ± .021 
E2-F2 31.57-40.36 .633 ± .022 .366 ± .096 .784 ± J162 .498 ± .022 
F2-G2 40.36-49'.15 .656 ± .021 .603 ± .07 .703 ± .07 .476± .022 
G2-H2 49.15-53.9 .682 ± .021 .377± .084 .618±.Ill .484 ± .021 
Hl-I2 53.9'-55.8 .68 ± .021 .519 ± .21 .66 ± .244 .479 ± .021 
I2-J2 55.8-58.41 .684 ± .021 .569 ±.159 .344 ± .262 .48 ± .02 
12-K2 58.41-61.02 I .68 ± .021 .735 ± .U8 1.092 ± .133 .466 ± .02 
Kl-L2 61.02-65.53 .701 ± .021 .467 ± .099 .484 ± .092 .473 ± .02 
L2-M2 65.53-68.38 .701 ± .021 .428 ± .123 .588 ± .136 .468± .02 
M2-S2 68.38-70.04 .703 ± .021 .455 ± .156 .418 ± .205 .468 ± .02 
S2-T2 70.04-71.47 .702 ± .021 .5,96 ± .262 .559 ± .171 .468 ± .019 
T2-N2 71.47-75.03 .706 ± .021 .457 ± .131 .592 ±.1 .463 ± .02 
N2-02 I 75.03-83.82 .704 ± .022 .685 ± .066 .556 ±.07 .455 ± .02 , 

02-P2 83 .82-87.62 .689± .021 .743 ± .106 .434 ± .1l3 .477±.02 
P2-Q2 87.62-94.27 .689 ± .022 .58 ± .09 I .494 ± .074 .487 ± .021 
Q2-Rl 94.27-99 .. 02 .658 ± .022 .873 ± .096 .379 ± .102 .497 ± .021 

GOFIWK12 (GOFP) 

Marker Interval Location (eM) l\.1M MH lIM HH 
Al-B2 2.35-12.8 .810 ± .031 .872 ± .096 .825 ± .112 .813 ± .034 
B2-C2 12.8-15.18 .822 ± .03 .468 ± .173 1.201 ± .262 .814 ± .032 
C2-D2 15.18-28.01 .835 ± .032 .775 ± .079 .928± .098 .79±.OJ3 
D2-E2 28.01-31.57 .841 ± .031 .921 ± .143 1.559 ±.2 .767 ±.03 
E2-F2 31.57-40.36 .879 ± .032 .451 ± .14 .993 ± .09 .742 ± .031 
F2-G2 40.36-49.15 i .9l9 ± .031 .674 ± .1 .99 ± .101 .706 ± .032 
G2-Hl 49'.15-53.9 .943 ± .03 .651±.12) .873 ± .IM .697 ± .03 
H2-12 53.9-55.8 .944 ± .03 .584 ± .301 .904:t . ..351 .689 ± .03 

I2-J2 55.8-58.41 .'957± .03 .738 ± .226 .557 ± .375 .688 ± .029 

J2-K2 58.41-61.02 .951 ± .03 1.055± .17 1.418 ± .192 .61 ± .028 

K2-L2 61.02-65.53 .974 ± .03 .7±.142 .683 ± .133 .681 ± .029 

L2-M2 65.53-68.38 .971 ± .03 .661 ± .176 1.096 ± .194 .61 ± .028 

M2-S2 68.38-70.04 .981 ±.03 .725 ± .223 .655 ± .294 .668 ± .028 

S2-T2 70.04-71.47 .. 98 ± .03 :632 ± .375 .72) ± .245 .668 ± .028 

T2-N2 71.47-15.03 .979 ±.03 .891 ± .189 .873 ± .143 .66 ± .029 

N2-02 75.03-83.82 .961 ± .031 1.056 ± .093 .7 ± .101 .661 ± .029 

02-P2 83.82-87.62 .945 ± .031 .908 ± .154 .572 ± .166 .103 ± .029 

P2-Q2 87.62-94.27 .941 ± .032 .753 ± .. 13 .65 ± .107 .715 ± .03 

Q2-R2 94.27-99.02 .91 ± .031 1.019 ± .139 .518±.149 .726 ± .03 
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FATIWK12 (FATP) 

Marker Interval Location (eM) MM ! MH 
, 

HMi Illi 
A2-B2 2.35-12..8 1396 ±4:8 1398 ± 149 1378 ± 172 1388 ± 52 
B2-C2 12.8-15.18 1412 ± 46 805 ±265 2200 ± 402 1377 ± 49 

I 

C2-D2 15.18-28.01 1448±50 1270 ± 122 1564 ± 151 1337 ±51 
D2-E2 28.01-31.57 !l455 ±48 1594:t 220 2540 ± 307 1295 ±46 
E2-F2 31.57-40.36 1515 ± 48 8]6 ± 213 1779 ± 137 1240 ±48 , 

F2-G2 40.36-49.15 1580 ±47 1274 ± 153 1690 ± 155 1183 ±48 
G2-H2 49.15-53.9 1628 ±46 1028 ± 184 1493 ±245 1182 ±46 
H2-I2 53.9-55.8 I 1627 ± 45 1106 ± 459 1570 ±534 1169 ± 45 
12-J2 55.8-58.41 1643 ± 46 1309 ±345 901 ± 571 1168 ± 45 
J2-K2 58.41-61.02 1634 ± 45, 1791 ± 257 2512 ±290 1137 ± 43 
K2-L2 61.02-65..53 1678 ± 46 U69±215 1168 ± 201 1154 ±44 
L2-M2 65.53-68.38 1676 ±45 1090 ±266 1682 ±295 1138 ± 43 
M2-S2 68.38-70.04 1687 ± 45 1181 ± 337 1075 ± 445 1137 ± 43, 

S2-T2 70.04-71.47 1684 ±45 1226 ± 567 1283, ± 371 1137 ±42 
T2-N2 71.47-75.03 1689 ±45 1349 ±285 1468 ± 216 1123 ± 43 
N2-02 75.03-83.82 1671 ± 47 I 1768 ± 143 1252 ± 152 11l7±44 

, 

, 

02-P2 83.82-87.62 1633 ±47 1651 ± 233 1007 ±250 1182 ±44 

P2-Q2 87.62-94.27 1626 ± 48 1334 ± 198 1146 ± 163 1205 ±46 
I 

Q2-R2 94.27-99.02 1567 ±48 1893 ± 211 897 ±226 1225 ± 46 
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APPENDIX 17--LEAST -SQUARES MEANS FOR EACH TRAIT ANALYZED WITH 
19 MARKER INTERVALS ON CHROMOSOME 15 

NOTE: M:M=M16i1MI6i-MI6i1M16i 
HM:=MI6i!CAST -M16i1M16i 

12 DAY BODY WEIGHT (DAY12) 

Marker Interval Location (eM) MM 
BlS-CI5 S.72-7.62 7.29 ±.O5 
CIS-DB 7.62-13.8 1.28 ± .05 
D15-E15 13.8-18.31 7.25 ± .05 
EI5-AlS 18.31-21.61 7.25 ± .05 
A15-F15 21.61-23.99 7.25 ± .05 
FI5-GI5 23.99-27.79 7.25 ± .05 
GIS-HIS 27.79-32.3 7.24 ± .05 
H15-Jl5 32.3-36.27 7.27 ± .05 
Jl5-115 36.27-48.97 7.26 ±.06 

3 WEEK BODY WEIGHT (WK3) 

Marker InteIVal Location (eM) MM 

B15-C15 5.72-7.62 I 12 .. 97± .11 
CIS·DI5 7.62-13.8 12.98 ± .11 
D15-E15 13.8-18.31 I 12.91 ±.11 
E15-A15 18.31-21.61 12.9 ±.11 
AlS-FI5 21.61-23.99 12.9 ±.11 
F15-G15 23.99-27.79 12.89 ±.11 
GIS-HIS 27.79-32.3 1.2.88 ±.11 
HlS-JlS 32.3-36.27 12.94 ±.n 
JlS-Il5 I 36.27-48.97 12.97 ± .12 

6 WEEK BODY WEIGHT (WK6) 

Marker Interval Location (eM) : MM 

BI5-ClS S.72-7.62 32.61 .± .31 
CIS-DIS 7.62-13.8 32.75 ± .31 
D15-E15 13.8-18.31 32.72 ± .31 
E15-A15 18.31-21.61 32.65 ± .31 
A15-F15 21.61-23.99 32.7 ±.3 
F15-GlS 23.99-27.79 32.69 ± .31 
GIS-HI5 27.79-32.3 32.77 ±.3 
HlS-1I5 32.3-36.27 32.76 ±.3 
Jl5-Il5 36.27-48.97 32.72 ± .32 

MH=MI6i1M16i-MI6i1CAST 
Illi=M16i!CAST-MI6i!CAST 

MIl 11M: HH 
7.45 ± .45 7.71 ± .33 7.15 ± .05 
7.S9 ± .21 6.99 ± .22 7.16 ± .05 
7.69 ± .24 7.51 ± .26 7.17 ± .05 
7.32 ± .29 7.42±.18 7.18 ± .05 
6.87 ±.28 7.57 ±.2l 7.19 ± .05 
7.06 ± .27 7.12 ± .27 7.21 ± .05 
7.77 ± .56 7.2 ± .19 7.21 ± .05 
7.97 ± .38 7.09 ± .23 7.24 ±.06 
7.37 ± .14 I 7.07 ± .18 7.25 ±.06 

MH HM HH 

13.08 ± .95 13.35 ±.71 12.53 ±.11 
12.83 ±.45 11.99 ± .47 12.58 ±.Il 
13.33 ± .52 12.18 ± .55 12.57 ± .11 
13.14 ± .62 12.87 ± .38 12.59 ± .. 11 
12.33 ± .61 12.92 ±.44 , 12.,61 ±.11 
12.64 ± . .57 12.77 ± .57 12.62 ±.11 
14.1 ± 1.2 12.68 ±.4 12.62 ±.11 

13.43 ± .78 12.68 ± .48 12.75 ± .12 
12 .. 87 ± .29 12.68 ± .38 12.75 ± .12 

MH HM HH 

31.71 ± 2.62 33.26 ± 1.95 31.74 ±.3 
30.72 ± 1.24 30.44 ± 1.28 31.82 ±.31 
30.61 ± 1.43 31±1.51 31.79 ±.3 

33.4 ± 1.7 33.34 ± 1.04 31.57 ±.3 
' 33.12 ± 1.65 32.79 ± 1.21 31.58 ±.3 

32.76 ± 1.55 34.69 ± 1.54 31.56 ±.3 
32.77 ± 3.25 33.33 ± 1.09 31.46 ±.3 
34.12 ±2.07 35.24 ± 1.27 31.69 ± .31 
33.13 ± .76 34.04 ± 1.01 31.7±.32 
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9 WEEK BODY WEIGHT (WK.9) 
Marker Interval Location (eM) !MM MH i HM HH 

B15-C15 I, 5.72-7.62 38.87 ± .32 35.3 ±2.n 40.92 ±2.03 31.55 ±.31 
CIS-DIS 7.62-13.8 , 39.07± .33 36.51 ± 1.3 37.54 ± 1.34 37.51 ± .32 
D15-E15 13.8-18.31 39. 13 ± .32 35.9 ± 1.48 37.04 ± 1.57 37.48 ± .31 
E15-A15 18.31-21.61 39.01 ± .32 41 .24 ± 1.76 . 38.03 ± 1.08 

, 

37.32 ± .32 
AlS-F1S 21.61-23.99 39.03 ±.32 

, 

40.2 ± 1.72 37.47 ± 1.26 37..35 ± .32 
F15-G15 23.99-27.79 39.11 ± .32 38.33 ± 1.61 39.98 ± 1.6 37.26 ±.31 
GIS-HIS 27.79-32.3 39 .. 15 ±.31 38.18 ± 3.37 38.79 ± 1.13 37.18±.31 
HlS-J15 32.3-36.27 39.06± .32 39.36 ± 2.24 40.05 ± 1.37 37.33 ± .34 
115-115 36.27-48.97 39.18 ± .34 38.34 ± .82 40.49 ± 1.07 37.22 ± .34 

12 WEEK BODY WEIGHT (WK12) 
Marker Interval Location ~eM) MM MH 8M HH 

B15-C15 S.72-7.62 41.4 ± .36 37.04 ± 3.08 42 .. 87 ±2.3 39.85 ± .35 
ClS-D15 7.62-13.8 41.62 ± .37 38.67 ± 1.47 39.96 ± 1.51 39.79 ± .36 
DlS-ElS 13 .. 8-18.31 41.67 ± .37 38.34 ± 1.68 39.12 ± 1.78 39.77 ± .36 
ElS-AlS 18.31-21.61 41.54 ± .36 43.37 ± 2 39.8 ± 1.23 39.66 ± .36 
AI5-FU 21.61-23.99 41.S3 ± .36 42.68 ± 1.95 39.52 ± 1.42 39.68 ± .36 
F1S-GlS 23.99-27.79 

, 

41.62 ± .36 40.52 ± 1.82 42.85 ± l.81 39.S6 ±.3S 
GIS-HIS 27.79-32.3 41.68 ±.35 39.02 ± 3.81 41.82 ± 1.28 39.42 ± .36 
H15-Jl5 32.3-36.27 41.63 ±.36 42.45 ± .2.S4 42.82 ± 1.55 39.38 ± .38 
JlS-Il5 36.27-48.97 41.77 ± .39 40.82 ± .92 43.24 ± 1.21 39.2S ± .39 

DAY]2 TO WK3 GAIN (GAINl) 
Marker Interval Location (eM) MM MH HM HH 

BI5-CIS 5.72-7.62 S.68 ± .08 5.64 ±.7 S.64 ±.52 S .. 38 ± .08 
CIS-DIS 7.62-13.8 5.7 ± .08 5.24 ± .33 5 ± .34 5.41 ± .08 
D15-E15 13.8-18.31 5.67 ± .08 5.64 ± .38 5.27 ± Al 5,4 ± .08 
E15-AI5 18.31-21.61 5,.65 ± .08 5.83 ± .46 5.44 ± .28 5.41 ± .08 
A15-F15 21.61-23.99 5.65 ± .08 5.46 ± .45 5.34 ±.33 5.42 ± .08 
F15-G15 23.99'-27.79 5.65, ± .08 5.59 ±.42 5.,65± .42 5.41 ± .08 
GIS-HIS 27.79-32.3 5.64 ± .08 6.33 ± .88 5.48 ±.3 5.41 ± .08 
H15-Jl5 32.3-36.27 5.68 ± .08 5.47 ± .57 5.58 ± .35 5.51 ± .09 
J15-Il5 36.27-48 .. 97 5.71 ± .09 5.5 ± .21 5.61 ± .28 5.S ± .09 

WIG TO WK6 GAIN (GAIN2) 
Marker Interval Location (eM) MM MH HM HH 

B15-C15 5.72-7.62 19.64 ± .28 18.62 ±2.39 19.9 ± 1.79 19.21 ± .27 
CIS-DIS 7.62-13.8 19.77 ± .29' 17.9 ± 1.14 18.46 ± 1.17 19.24 ± .28 
D15-E15 13.8-18.31 19.8± .28 17.28 ± 1.3 18.22 ± 1.38 19.22 ± .28 
E15-A15 18.31-21.61 19.75 ± .28 20.25 ± 1.55 20.47 ± .95 18.99 ± .28 
A15-F15 21.61-23.99 19.8 ± .28 20.79 ± 1.51 19.88 ± 1.1 18 .. 97 ± .28 
F15-G15 23.99-27.79 19.79 ± .28 20.12 ± 1.42 ' 21.92 ±. 1.41 18.93 ± .27 

GI5-HI5 27.79-32.3 19.89 ± .27 18.67 ±2.97 20.65 ± .99' 18.8S ± .28 

HI5-JJ5. 32.3-36.27 19.81 ± .28 20.69 ± 1.93 22.56 ± l.i8 18.9'5 ± .29 

Jl5-H5 36.27-48.97 19.75 ± .3 20.25 ±.71 21.36± .94 18.94 ± .. 3 
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WKi6 TO WK9 GAIN (GAIN3) 
Marker IntervaJi Location (eM) :MM tdH lIM HH 

BlS-C15 5.72-7.62 6.26±.24 3.6±2.04 7.66 ± 1.52 5.81 ± .23 
CIS-DIS 7.62-13.8 6.32 ± .24 S.79 ± .97 7.09 ± 1 5.69 ± .24 
DI5-ElS 13.8-18.31 6.41 ± .24 5.29 ± 1.11 6.04 ± 1.18 5.7 ± .24 
E15-A15 18.31-21.61 6.37 ± .24 7.84 ± 1.32 I 4.69 ± .81 5.75 ± .24 
A15-F15 21.61-23.99 6.33 ± .24 7.08 ± 1.29 4.68 ± .95 5.77 ±.24 
FI5-GlS 23.99-27.79 6.42 ± .24 5.57 ± l.22 5'.29 ± 1.21 5.7 ± .23 
GI5-ID5 27.79-32.3 6.38± .24 5.41 ±2.56 5.46± .86 5.72 ± .24 
H1S-Jl5 32.3-36 .. 27 6.3 ± .23 S.24 ± 1.63 4.81 ± 1 5.64 ± .25 
Jl5-IlS 36.27-48.97 6.46 ± .25 5.22 ±.6 6.45 ± .79 

I 
5.53 ± .25 

WK9 TO WK.l2 GAIN ,(GAIN4) 
Marker Interval Location (eM) :MM MH HM }ffi 

B15-C15 5.72-7.62 2.53 ± .16 1.73±1.4 , 1.95 ± 1.04 2.3 ± .16 
C15-D15 7.62-13 .. 8 2.S5 ± .17 2.16 ± .67 2.42 ± .69 2.28 ± .16 
D15-E15 13.8-18.31 2..53 ± .17 2.44 ± .76 2.08 ± .81 2.28 ± .16 
E15-A15 18.311-21.61 2.52 ± .17 2.13 ± .91 l.77 ± .56 2.34±.16 
Al's-FI5 21.61-23.99 2.5 ± .16 2.49 ± .89 2.05 ± .65 2.33 ± .16 
F15-G15 23.99-27.79 2.51 ± .16 2.19 ± .84 2.87± .83 2.3±.16 
GIS-HIS 27.79-32.3 , 2..53 ± .16 .83 ± 1.75 3.03 ± .58 2.24 ± .16 
H15-115 32.3-36.27 2.57 ± .17 3.09 ± 1.18 2.76 ±.72 2.()4 ± .18 
115-115 36.27-48.97 2.59 ± .18 2.48 ±.43 2.75 ±.57 2.03 ± .18 

HRTIWK12 (HRTP 
Marker Interval Location (eM) :Ml'vf MH HM HH 

BIS-CI5 5.72-7.62 .591 ± .008 .64± .07 .. 627 ± .052 .589 ± .008 
CIS-DIS 7.62-13.8 .59 ± .008 .615 ± .033 .57 ± .035 .591 ± .008 , 

D15-E15 13.8-18.31 .589 ± .008 .592 ± .038 .621 ± .041 .591 ± .008 
E15-A15 18.31-21.61 .59 ± .008 .585 ± .046 .588 ± .028 .591 ± .008 I 

AlS-F15 21.61-23.99 .592 ± .008 .598 ± .045 .569 ± .033 .591 ± .008 
F15-G15 23.99-27.79 .593 ± .008 .585 ± .042 .556 ± .042 .59 ± .008 
GIS-HIS 27.79'-32.3 .59 ± .008 .685 ± .088 56± .029' .592 ± .008 
HlS-Jl5 32.3-36.27 .584 ±.006 .546 ± .042 .589 ±.O26 .595 :f: .006 
Jl5-IlS 36.27-48.97 .584 ± .006 .583 ± .015 .572 ± .02 .596 ±.006 

LIVIWK12 (LIVP) 

i Marker Interval , Location (eM) M1vf MH HM: HH 

BlS-C15 5.72-7.62 7.55 ± .05 7.32 ± AS 7.62 ±.33 7.64± .05 
CI5-DlS 7.62-13.8 7.55 ± .05 7.63 ± .21 7.97 ± .22 7.61 ± .05 
DI5-E15 13.8-18.31 7.57 ± .05 7.51 ± .24 I 7.81 ± .26 7.61 ± .05 
ElS-AI5 18.31-21.61 7.58 ± .05 7.6 ± .29 736± .18 7.63 ± .OS 
AIS-F15 21.61-23.99 7.56 ± .05 7.93 ± .28 7.58 ± .21 7.62 ± .OS 
FllS-G15 23.99-27.79 7.6 ± .05 7.03 ± .27 7.32 ± .26 7.63 ± .OS 
G15-H15 27.79-32.3 7.58 ± .05 7.34 ± .56 

, 
7.86±.19 7.59 ± .OS 

HI5-J15 12.3-36.27 7.62 ± .05 8.03 ±.38 7.56 ± .23 7.58 ±.06 
Jl5-Il5 36.27-48.97 7.62 ± .06 1.64 ± .14 7.49 ± .18 7.59 ± .. 06 
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SPUWKI2 (SPLP) 
Marker Interval Location (eM) MM MIl lIM: HH 

BIS-C15 5.72-7.62 .537 ± .01 I, .443 ± .085 .472 ± .063 .54 ± .01 
CIS-DIS 7.62-13.8 .533 ± .01 .567 ±.04 .56S ± .042 .538 ± .01 
DIS-EI5 13.8-18.31 .536 ± .01 .495 ±.046 .606 ± .049 .538 ± .01 
E15-A15 18.31-21.61 .54 ± .01 .497 ± .055 .538 ± .034 .536 ± .01 ! 

A15-F15 21.61-23.99 .541 ± .01 .533 ±.O54 .. 53 ± .04 .535 ± .01 
F15-G15 23.99-27.79 I 

.54 ±.01 .539 ± .051 , .S07 ± .051 .536 ± .01 
GIS-HiS 27.79-32.3 .538 ± .01 .579 ± .107 . .553 ± .036 .534 ± .01 
HI5-J15 32.3-36.27 .541 ± .. 01 .449 ± .071 I .542± .044 .. 534 ± .011 
J15-U5 3'6.27-48.'97 .545 ± .011 .51 ± .026 .537 ± .035 .534 ± .011 

KIDIWKI2 (KQ?P) 
Marker Interval Location (eM) MM MH lIM HH 

B15-C15 5.72-7.62 .. 797 ± .009 .897 ± .074 .886 ± .055 .835 ± .008 
CI5-DI5 7.62-13.8 .796± .009 .841 ±.O36 .819 ± .en7 .838 ± .009 
DlS-E15 13.8-18.31 .797 ± .009 .821 ± .041 .858 ± .043 I .837 ± .009 
E15-A15 18.31-21.61 .799 ± .009 .795 ± .. .049 .809 ± .03 .839 ± ")09 
A15-F15 i 21.61-23.99 .797 ± .009 .8 ± .047 .834 ± .00·S .839 ± .009 
F15-G15 23 .99-27.79 .8 ± .OO9 .769 ± .045 .821 ± . .044 .838 ± .009 
GIS-HIS 27.79-32.3 .79'9 ± .009 .963 ± .094 .833 ± .031 .835 ± .009 
HI5-HS 32.3-36.27 .803 ± .009 .818 ± .064 .816 ± .039 .84 ± .01 
JlS-IlS 36.27-48.97 .803 ±.Ol .802 ± .024 .848 ± .031 .839 ± .01 

TESIWK12 (!ESP 
Marker Interval Location (C;ML MM MH HM HH 

BlS-ClS 5.72-7.62 .207 ± .005 .182 ± .05] .227 ± .029 I .217 ± .005 
CIS-DIS 7.62-13.8 .206 ± .005 .222 ± .019 .245 ± .02 .215 ± .005 
DlS,"ElS 13.8-18.31 .207 ± .005 .241 ± .022 .247 ± .021 .214 ± .005 
EIS-AI5 18.31-21.61 .21 ± .005 .197 ± .024 .199 ± .016 .217 ± .OOS 
AIS-F15 21.61-23.99 .209 ± .005 .217± .024 .206 ± .02 .216 ± .005 
FIS-GIS 23 .. 99-27.79 .209± .005 .215 ± .023 .2 ± .023 .217 ± .005 

GIS-HIS 27.79-32.3 .21 ± .OOS .163 ± .036 .226 ± .016 .215 ± .005 

HlS-JlS 32.3-36.27 .213 ± . .005 .1'93 ± .038 .17 ± .025 .215 ±.006 

Jl5-IlS 36.27-48.97 .212 ± .OOS .222 ± .013 .186 ± .024 .214 ± .006 

SCFIWK12 (SCFP 
Marker Interval Location (eM) MM: MH HM HH 

BIS-CIS 5.72-7.62 .629 ± .022 .323 ± .187 .713 ± .14 .529 ± .021 

CIS-DIS 7.62-13.8 .64 ± .022 .494 ± .089 .476 ± .092 .53 ± .022 

DIS-ElS 13.8-18.31 .64.± .022 .413 ± .102 .399 ± .108 .S34 ± .022 

ElS-AI5 18.31-21.61 .634 ± .022 .S99 ± .121 .501 ± .075 .528 ± .022 

A15-F15 21.61-23.9'9 .629 ± .022 .751 ± .U8 .543 ± .086 .523 ± .022 

PIS-GIS 23.99-27.79 .623 ± .022 .797 ± .111 .668 ± .111 I .52±.On 

GIS-HIS 27.79-32.3 .625 ± .022 .766 ± .235 .502 ± .079 .534 ± .022 

HIS-JlS 32.3-36.27 .605 ± .023 .789 ± .158 .647 ± .097 .S12 ± .024 

US-US 36.27-48.97 .619 ± .025 .S53 ± .05,8 .611 ± .078 .51 ± .025 
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GOFfWK12 (GOFF) 

Marker Interval Location (eM) MM MH lIM: IHH 
BU"CiS 5.72-7.6.2 .894 ± .03] .294 ± .264 .791 ± .197 .747 ± .03 
CI5-DI5 7.62-13.S .902 ± .032 .133 ± .126 .762 ±.13 .74 ± .031 
D15-E15 13.8-18.31 .906± .. 031 .642 ± .144 .697 ± .lS2 .742 ± .031 i 

EIS-AIS I 18.31-21.61 .902± .031 .807 ± .172 .757 ± .105 .73S ± .031 
A15-FIS 21.61-23.99 .902 ± .031 1.161 ± .165 .702 ± . 121 .724 ± .03 
F15-GIS 23.99-27.79 .897 ± .031 1.127 ± .IS6 .9OS ± .156 .717 ± .03 
GIS-HIS 27.79-32.3 .9 ± .031 .909 ± .331 .719±.111 .735 ± .031 
H15-Jl5 32.3-36.27 I .883 ± .032 .822 ± .. 225 .782 ± .138 .722 ± .034 
Jl5-11S 36.27-48.97 .901 ± .035 .779 ± .082 I .793 ± .109 .722 ± .035 

FATfWK12 (FATP) 

Mark;er Interval Locatio.n (eM) l'vtM MH HJyf HH 
B15-C15 5.72-7.62 1525 ± 48 611 ± 407 1486 ± 304 1279 ± 46 
C15-D15 7.62-13.8 1543 ± 49 1229 ± 19'4 1240 ± 200 1272 ± 48 
D15-ElS 13.S-18.31 1547 ± 48 1057 ± 221 1099 ± 235 1278 ± 47 
E15-A15 18.31-21.61 1536 ± 48 1409 ±265 1260 ± 162 1266 ±48 
A15-F15 21.61-23.99 1532 ± 47 1916 ± 255, 1247 ± 187 1250 ± 47 
F15-G15 23.99-27.79 1521 ± 48 1926 ± 241 1579 ± 240 1240±47 
GI5-HI5 27.79-32.3 1527 ± 47 1677 ± 510 1219 ± 171 1271 ±48 
HH-Jl5 32.3-36.27 1490 ±50 1612 ± 346 1430± 212 1236 ± 52 
Jl5-I1S 36.27-48.97 1522 ± 53 1330 ± 127 1430 ± 170 1232 ± 53 
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APPENDIX 18--MARKER-REGRESSION QTL MAPPING OF CHROMOSOME 2 
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