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INTRODUCTION 
We estimated QTL effects on growth, body composition and female reproduction in a cross of 
two selected lines of mice with highly divergent phenotypes, using 1,000 F2 individuals and 
fully informative markers. Our findings from this powerful study evoke memories of Alan 
Robertson’s (1966) proclamation that "At the research level, though not at the level of 
application, the development of this phase of the genetics of continuous variation has clearly 
come to an end." 
 
MATERIAL AND METHODS 
Two lines of mice of different genetic background that had been selected for increased 3-6 wk 
weight gain (M16i; Hanrahan et al. 1973) and low 6 wk weight (L6; Legates 1969) were 
intercrossed to produce an F2 generation (n=1,000). All mice were evaluated for growth 
phenotypes (Table 1); ~440 F2 females were mated at 10 wk of age and measured for a number 
of reproductive traits (Table 1) at d 17 of gestation; and ~550 F2 males were evaluated for body 
composition (Table 1) at 10 wk of age.  A linkage map composed of 65 microsatellite marker-
loci was constructed covering the 19 autosomes at distances averaging between 10 and 20 cM. 
 
Generalized linear models (SAS, 1985) were fitted to the phenotypic traits including fixed 
effects of sex, replicate/parity, full-sib family/litter, appropriate covariates, and respective 
interactions if significant. Residuals from the most appropriate models were utilized with QTL 
Cartographer (Version 1.15; Basten et. al. 2001) to perform composite interval mapping (Zeng 
1994), multiple-trait (Jiang and Zeng 1995), and multiple-QTL analyses (Kao et al. 1999).  
Significance thresholds were established with permutations (Churchill and Doerge 1994). 
 
RESULTS AND DISCUSSION 
A general overview of the results is presented in Table 1. QTL detected for juvenile growth 
traits (WT3wk) that reflect strong maternal influences and for reproductive traits exhibit 
relatively strong directional dominance, while QTL underlying the expression of more mature 
growth traits (WT6wk and WT10wk) show decreasing average levels of dominance. Hence, 
those traits for which heterosis is important are indeed those traits for which we find QTL 
exhibiting a high degree of directional dominance, exhibiting strong agreement with 
expectations based on theoretical considerations (Falconer and Mackay 1996).    
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Table 1. Summary of most significant findings from the M16 x L6 F2 QTL studyA 
 
TraitsB #QTL Avg. 

  a 
Max. 
  a  

Min. 
  a  

Avg. 
  d  

Max. 
  d 

Min. 
  d 

Avg. 
 var. 

Max.  
var. 

Min.  
var. 

WT3wk 19 .18 .42 .10 .68 1.2 .06 4.8 22.1 1.4 
WT6wk 19 .23 .56 .12 .07 .70 -.73 5.7 28.3 1.7 
WT10wk 19 .20 .35 .12 .03 .66 -.76 6.4 26.3 1.1 
Length tail 4 .19 .29 .13 -.07 .33 -.85 8.1 18.8 3.5 
Early growth 4 .10 .13 .05 -.88 -.25 -2.38 3.1 3.8 2.4 
Late growth 5 .12 .15 .02 -2.69 .13 -12.41 3.0 3.6 2.5 
T:ovul. rate 3 .30 .36 .24 .25 .67 -.02 5.5 7.8 4.0 
Fetuses 3 .37 .57 .23 .12 1.07 -.99 10.0 13.3 8.1 
T:dead 1 .12 - - 11.5 - - 54.6 - - 
T:pre-surv. 5 .38 .86 .18 .03 1.02 -1.81 15.6 43.2 5.9 
T:post-surv. 0 - - - - - - - - - 
T:total-surv. 4 .16 .29 .07 -4.78 1.21 -15.16 15.4 39.5 4.2 
T:heart wt. 2 .19 .22 .16 -.47 -.04 -.9 4.7 4.9 4.4 
T:liver wt. 0 - - - - - - - - - 
T:kidney wt. 4 .17 .23 .06 -1.35 .18 -3.74 5.4 7.5 3.3 
T:spleen wt. 2 .22 .26 .19 -.75 -.57 -.93 9.0 12.7 5.3 
T:testis wt. 3 .16 .22 .06 .87 2.95 .50 6.3 7.6 4.8 
T:sc fat wt. 3 .15 .23 .11 -1.29 .14 -2.32 7.9 12.2 5.8 
T:epid.fatwt. 4 .20 .22 .17 .22 .66 -.33 3.6 5.9 1.1 
Sc./epid. fat 1 .37 - - .87 - - 24.1 - - 
A a is Falconer and Mackay’s (1996) additive effect in phenotypic s.d. units.  S.D. for the traits 
were, respectively, 1.9g, 3.9g, 5.3g, .48cm, 3.3g, 3.3g, .17corpora lutea, 2.8fetuses (alive + 
dead), .73dead fetuses, 12.8%, 11.0%, 13.3%, .19mg, .17mg, .18mg, .27mg, .18mg, .53mg, 
.46mg, and .17. 
d is the degree of relative dominance, 0 indicating additivity, 1 full dominance of the M16 
allele, and –1 full dominance of the L6 allele. 
Var. is the percentage of the within-family residual phenotypic variation that is accounted for 
by the QTL effect(s). 
B WT is body weight.  Early growth is WT6wk-WT3wk, and Late growth is WT10wk-WT6wk.  
Results for these traits reflect covariate adjustments for initial wt.  Similarly, results for Length 
tail reflect a covariate adjustment for WT6wk, and results for all organ and fat traits, with the 
exception of the last, reflect covariate adjustments for WT10wk.  Unadjusted analyses for these 
traits were also implemented, but not reported here as the results follow the trends in results for 
the three first (WT) traits. 
The Surv. traits (%) are, respectively, Pre, Post-Implantation, and Total Embryo Survival.  Pre 
is (#live + #dead fetuses)/ovul. rate.  Post is #live fetuses/(#live + #dead fetuses).  Total is #live 
fetuses/ovul. rate.  Traits initiated by T: required different transformations to stabilize their 
variances.  Results and s.d. for these traits are on the transformed scale.  T:sc. is subcutaneous 
fat pad, and T:epid. epididymal.  Results for paired organs are for only one of the two organs. 
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For most traits the M16 alleles at significant QTL were always found to have an effect 
increasing the measurement of the trait. The 19 QTL effects detected for the three WT traits fit 
exponential distributions, with smaller effects becoming increasingly more frequent.  
 
This powerful dataset enabled us to try establishing relationships among the QTL detected for 
many different traits (simplified cluster analyses).  For WT3wk and WT6wk, 12 of 26 QTL 
(46.2%) map to the same marker-intervals. For WT6wk and WK10wk that same parameter was 
65.2% (15 of 23 QTL), while for WT3wk and WT10wk it dropped to only 35.7% (10 of 28 
QTL). These results parallel the phenotypic correlations among these traits, and indicate that 
considerably different subsets of genes primarily control early and late growth, confirming 
known differences in physiological control.  QTL detected for the WT traits at specific 
genomic locations could be interpreted in terms of the QTL detected for the different organ and 
body fat traits.  A great commonality seems to be evident in the pathways underlying the 
expression of the weight traits for kidney, liver and spleen.  Testis, kidney and spleen weights 
were strongly associated with variation for body fat.  Liver and testis weights were found to be, 
respectively, the most and the least dependent on variation for body weight.         
 
For most traits, the QTL with maximum effect is always located in chromosome 2 (Figure 1).  
Something remarkable from a biological perspective, and with a considerable magnitude, is 
clearly associated with chromosome 2, and active efforts are currently being undertaken to try 
to elucidate the genetic roots of these statistical findings (Pomp et al. these Proceedings).  
Chromosomes 3, 6, 10 and 11 also emerged as areas of considerable polygenomic activity. 
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Figure 1.   Chromosome 2 likelihood plots for various weight and reproduction traits 
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CONCLUSION 
This work represents a QTL study with high power due to large sample size, fully informative 
markers and extreme phenotypic divergence. This power enables us to draw several 
conclusions regarding the genetic nature of continuous variation: 1) small experiments with 
low power may lead to statistically biased, large QTL effects (Beavis 1994); 2) large 
experiments with adequate sample size recreate the infinitesimal model for traits of moderate 
to high heritability (large numbers of QTL detected fitting an exponential distribution), 
although specific regions of intense polygenic activity (and/or major genes) may still exist; 3) 
numbers of QTL found for traits of low heritability remain low even with high power of 
detection; and 4) agreement between most of the results concerning dominance and the 
theoretical expectations is remarkable. These findings, coupled with many other experimental 
results from other studies (e.g., Rocha et al. 1995; Openshaw and Frascaroli 1997), seem to 
indicate that classical quantitative genetics theory has emerged validated from the QTL era of 
the past 15 years. However, implications of this conclusion towards the utility and promise of 
using marker-assisted selection for applied genetic improvement remain to be investigated. 
Thus, 36 years after Robertson’s proclamation on the genetics of continuous variation (1966), 
we may now entertain the idea that “at the research level, though not yet at the level of 
application, the development of this phase of the genetics of continuous variation,” a phase 
characterized by multiple exploratory QTL studies, may be coming “to a clear end.”  The next 
phase of study of the genetic nature of continuous variation will focus on integrated use of 
functional genomics, proteomics and metabolomics for polygene identification and bridging 
the gap between predisposition and physiology (Pomp et al. 2001, 2002). 
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