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INTRODUCTION 
Growth and fatness are highly complex traits, controlled by relatively equal contributions of 
polygenic and environmental influences. In addition to clear agricultural relevance, these traits 
have large biomedical importance. For example, approximately 280,000 adult deaths in the US 
each year are attributable to obesity, and it is the single largest health risk, costing ~$100B/year 
through direct and indirect effects on heart disease, type-II diabetes, and related maladies.  
Understanding how such traits are regulated will greatly benefit development of diagnostic 
tests, therapeutic agents and targets for transgenic manipulation to enhance genetic 
improvement and management of agricultural animals. We have used a highly unique mouse 
model to study the genetic architecture of polygenic growth and fatness. The M16 line was the 
result of nearly 30 generations of selective breeding for large size, resulting in correlated 
responses of moderate obesity and several related maladies. We have extended previous 
evaluation of selection response in M16 to include metabolomic and proteomic analysis and 
are including such sub-phenotypes in a large-scale QTL analysis. In addition, we have created 
advanced genetic resources (congenic line, F2 intercross and recombinant F3s) to characterize 
and fine-map a previously identified region of M16 harboring QTL with large effects on 
growth and fatness, towards positional cloning of the underlying polygene(s). 
 
MATERIALS AND METHODS 
Mouse Lines: M16, M16i and MC.  The M16 line of mice resulted from selection for 3-6 wk 
gain for 27 generations (Eisen, 1975). M16 mice are larger at all ages, have increased body fat 
percent, fat cell size and numbers, and organ weights when compared to the base population of 
ICR mice (Eisen et al., 1977; Eisen and Leatherwood, 1978; Eisen, 1986). These mice also 
exhibit hyperphagia accompanied by moderate obesity, and are hyperglycemic, 
hyperinsulinemic, and hypercholesterolemic (Robeson et al., 1981).  Full-sib mating created a 
fully inbred version of M16, designated M16i. The congenic line MC was created using the 
M16i line as recipient for ~35 cM region from the inbred line C57BL6/J, using 8 generations 
of marker assisted introgression. MC was created to isolate and examine a QTL region with 
large effect that has been mapped to distal MMU2 (Pomp 1997; Rocha et al. (these 
proceedings).  
 
Phenotypic evaluation of M16: Metabolomics.  Total lipid class analysis of plasma, liver, 
and epididymal fat was carried out on five (8-wk-old) males from each line (Lipomics 
Technologies). Samples were separated into lipid classes (phospholipids, cholesterol esters, 
free fatty acids, triacylglycerides), and then further broken down into fatty acid groups. 
 

Session 19. Selection theory and experiments in farm and laboratory animals Communication N° 19-11 



7th World Congress on Genetics Applied to Livestock Production, August 19-23, 2002, Montpellier, France 

Phenotypic evaluation of M16: Proteomics.  Protein levels were initially analyzed in hepatic 
lysate pools representing six (8-wk-old) males from M16 and its unselected control line, ICR, 
with 792 different monoclonal antibodies in triplicate (BD Transduction Labs). Identified 
differences were verified using Western blot analysis of the individual lysates used to make the 
original pools. Using the same technology, a second experiment was conducted to compare 
protein levels using lysates brain, skeletal muscle, epididymal fat, and plasma. Two 
independent tissue-specific lysate pools representing four (8-wk-old) males each per line were 
created and analyzed in duplicate.  For selected verified proteomic differences between the 
lines, high-throughput assays will be developed using ELISA or bead technology (Luminex). 
 
Future QTL analysis for metabolomic and proteomic phenotytpes. An F2 (M16 X ICR) 
population (n=1,200) was phenotyped for feed intake, body weights, and weight of liver, 
subcutaneous fat, epididymal fat, percent body fat, blood glucose, and plasma levels for 
insulin, leptin, and glucagon at 8 weeks of age. Several additional tissues were collected and 
stored. Phenotypic extremes for percent body fat were evaluated for the full spectrum of 
metabolomic traits (see above).  Proteomic assays will be used to phenotype the full 
population. Informative markers have been identified at ~20 cM intervals and will be used in a 
full genome-scan. 
 
Phenotypic evaluation of MC.  Phenotypic consequences of QTL in distal chromosome 2 
were evaluated by comparing M16i and MC mice across two diets (high or low fat). Body wt 
and feed intake were recorded. Liver, heart, brown adipose, gonadal and subcutaneous fat pad 
weights were collected at 6, 15, and 24 wk. Leptin and insulin were determined at each age 
with immunoassay (Linco). Data were analyzed as 3 data sets separated by age. 

 
Fine Mapping of Chromosome 2 QTL. A large F2 population (1,260 mice) was created 
across 4 replicates from a cross between MC and M16i. Selective genotyping was performed 
based on percentage of gonadal fat pad (GON), selecting the highest and lowest ~15% (48 
mice/tail) from replicates 1 and 2. Body weights were collected at 6, 9, 12 and 15 wk. GON 
was evaluated at 15 wk. The selected group was genotyped for a total of 16 markers along the 
chromosome 2 congenic segment (62-99 cM). Genotypic frequencies were evaluated using chi-
square to test for lack of Mendelian segregation (1:2:1) within tails, indicating the potential 
presence of QTL. Single marker analysis determined the effect of marker genotype on GON.  
 
RESULTS AND DISCUSSION  
Metabolomic and proteomic evaluation of M16.  Selection altered lipid metabolism in M16 
mice, significantly increasing levels of arachidonic acid (20:4n6) in plasma, liver, and 
epididymal fat (p<.01). The precursor of 20:4n6 is linoleic acid (18:2n6), which was reduced in 
epididymal fat of M16 mice (p<.0002). These results provide evidence that selection has 
increased activity of the ∆5-6 desaturase and elongation pathways. Evidence for increased de 
novo synthesis of fatty acids in M16 can be seen in the results for oleic acid (18:1n9) and 
myristoleic acid (18:1n7), which are increased (p<.008) in epididymal fat of M16 mice. 
 
Initial proteomic analysis indicated differences in levels of many proteins in the tyrosine kinase 
receptor pathway (e.g. PTEN, Insulin receptor β, CK II β,) and in several proteins mediating 
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apoptosis (e.g. GOK/Stim1, HILP/XIAP, Caspase-3, TIAR), along with other promising 
candidates (e.g. eIF-6, ET-1r, Spot 14).  Western blot analysis resulted in four proteins being 
verified from the initial experiment (Table 1).  The greatest difference in protein expression of 
the four verified was Spot 14 (Figure 1); selection dramatically increased levels of this protein. 
Spot 14 is an intriguing candidate because of its potential role as a regulator of lipogenesis. 
 
Table 1.  Summary of verified protein level differences between M16 and ICR 

Protein Line Differences Function 
eIF-6 M16 < ICR Blocks association of 60s & 40s ribosomal subunits 
PTEN M16 < ICR Inhibits insulin cascade and suppresses growth 
Insulin r β M16 > ICR Binds insulin, initiating the insulin-signaling cascade 
Spot 14 M16 > ICR Potential transcription factor involved in lipogenesis 

 
Metabolomic and proteomic differences, as well as other key changes resulting from selection, 
will form the phenotypic bases for large-scale QTL analysis in the M16 x ICR F2 population. 
This evaluation will identify predisposition genes regulating the expression of key 
physiological genes and pathways regulating growth and obesity. Such an integrated approach 
will be required to address the challenge of polygene discovery for complex traits. 
 
Figure 1.  Western blot verification of Spot 14 differences between M16 and ICR 
         ICR -1      2       3      4      5      6     M16-1      2       3      4       5      6 

 
 
Evaluation and mapping of Chromosome 2 QTL using congenic characterization.  At 15 
wk M16i and MC had similar feed intake, but M16i was heavier and had 63% and 39% more 
gonadal and subcutaneous fat as percentages of body wt (Table 2). Polygenes influencing 
fatness in this region were not diet-dependent. Reduction in leptin, insulin and glucose levels 
were observed in MC compared to M16i. Differences detected between MC and M16i confirm 
the presence of QTL on distal MMU2 with large effects (or combined effects) on growth and 
fatness, supporting use of congenic lines for isolation and characterization of polygenic effects.  
 
Table 2. Effect of line on several traits (LS Means) at 15 wk of age 
 

Variables M16i  (n=60) MC (n=62) P value 
Body weight (g)   63.20 ± 1.20      56.48 ± 1.20  <0.0001 
Gonadal fatA     2.79 ± 0.09        1.71 ± 0.08  <0.0001 
Subcutaneous fatA     0.71 ± 0.02        0.51 ± 0.02  <0.0001 
Insulin, ng/ml     2.43 ± 0.18        1.94 ± 0.17             0.05 
Leptin, ng/ml     9.23 ± 0.63        5.36 ± 0.61  <0.0001 
Glucose, mg/dl 244.73 ± 7.96  221.74 ± 7.9             0.04 
A fat depot from the left side of the carcass expressed as percentage of body weight 
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Chi-square analysis of mice with extreme phenotypes in the M16i x MC F2 population 
identified 8 of 16 markers with potential linkage with QTL. The single marker analysis showed 
significant effects of marker genotype on GON (Table 3). The selective genotyping was 
successful in reducing the congenic interval from 37 to 17 cM. Markers within this reduced 
region will next be genotyped for the entire F2 population. 
 
Table 3. Effect of Chromosome 2 marker genotype on gonadal fat in the MC x M16i F2

A  
 

cM Marker C57 M16i/C57 M16i P value 
75.6 D2Mit106 2.37 ±  0.28 3.28 ±  0.22 3.06 ± 0.35 0.03 
77.6 D2Mit411 2.19 ±  0.27 3.28 ±  0.21 3.54 ± 0.31  0.001 
81.4 D2Mit194 2.19 ±  0.27 3.27 ±  0.22 3.51 ± 0.32  0.001 
84.2 D2Mit343 2.20 ±  0.28 3.18 ±  0.22 3.68 ± 0.31  0.002 
86 D2Mit285 2.29 ±  0.28 3.24 ±  0.23 3.54 ± 0.32  0.006 
92 D2Mit263 2.21 ±  0.28 3.32 ±  0.22 3.35 ± 0.31 0.003 
ALS Means of gonadal fat depot from both sides of the carcass expressed as percentage of 15 wk body weight.  

 
Other synergistic strategies such as recombinant progeny testing and candidate gene expression 
are in progress. F2 males with recombinations along the relevant QTL region were used to 
produce 700 progeny. Phenotypic analysis will facilitate QTL localization relative to the point 
of recombination. Candidate gene expression analysis may detect differences in mRNA levels 
between genes in the congenic region known to impact growth and fatness. The combination of 
these strategies will assist in positional cloning of polygenes affecting fatness and growth. 
 
CONCLUSION 
Long-term selection lines provide a uniquely powerful model to dissect and understand the 
complex polygenic architecture of quantitative traits with relevance to animal agriculture and 
biomedicine. Approaches that integrate quantitative and molecular tools will be necessary for 
polygene identification. Such integration will likely require evaluation of phenotypes of the 
transcriptome, proteome and metabolome in addition to end-point and endocrine analysis, 
correlated with DNA-marker and candidate gene polymorphism genotypes. This will enable a 
bridging of the gap between predisposition and physiology, furthering our understanding of 
complex traits and enabling future genetic improvement through selection, intervention and 
manipulation.  
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