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Steps in QTL Mapping 

2 

Haplotype Reconstruction 

Linkage Mapping 

 using a kinship correction 

Association Mapping 

Use founder sequences to search for causal variants and 
candidate genes. 



CC/DO Founders 
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CC/DO genomes are mosaics of the 8 
founders 
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Collaborative Cross Diversity Outbred 



Genotype the mice by microarray 
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• MegaMUGA: 77,808 markers 
• Mean 33 Kb spacing. 

 
• GigaMUGA: 143,446 markers 
• Mean 18 Kb spacing. 



MUGA Markers are highly informative 
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Haplotype Reconstruction 
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Haplotype Reconstruction  
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Marker A B C D E F G H 
1 0.5 0 0 0.5 0 0 0 0 
2 0.5 0 0 0.5 0 0 0 0 
3 0.5 0 0 0.25 0.25 0 0 0 
4 0.5 0 0 0 0.5 0 0 0 
5 0.5 0 0 0 0.5 0 0 0 
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1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 ½ ½ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Genotype Probabilities 

Founder Allele Proportions 



Linkage Mapping Model 
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Regress phenotype on haplotypes (allele proportions). 

 

 

yi = phenotype of animal i 
si = sex of animal i 
a = sex effect 
hij = allele proportion of founder j in animal i 
βj = effect of founder allele j 
εi = residual error for animal i 

At each marker: 



Model Output 
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At each marker: 

 LOD Score 

 Founder allele effects 

Marker 1 



Kinship 
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Animals may have different degrees of relatedness. 

This creates correlation structure in the data that may 
lead to false positives. 

Kinship estimation: 

o From pedigree data 
o From genotype data (allele or haplotype sharing) 



Kinship Matrix 
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Linkage Mapping Model  
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Regress phenotype on haplotypes (allele proportions). 

 

 

 

Regress phenotype on haplotypes with kinship correction. 



How should we use the kinship matrix? 
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Use a single kinship matrix constructed from all markers. 

                                      or 

Leave One Chromosome Out (LOCO) kinship matrices. 

Chr 1: Create kinship matrix from markers on Chr 2,… X. 

Chr 2: Create kinship matrix from markers on Chr 1,3,… X. 

Chr 3: Create kinship matrix from markers on Chr 1,2,4,… X. 

… 

... 

 

 



LOCO Method Increases Power 

15 

Bone Mineral Density: Single Kinship Matrix 

Bone Mineral Density: LOCO Kinship Matrices 



Linkage Mapping Software 

16 

Bagpipe: http://valdarlab.unc.edu/software/bagpipe/_build/html/bagpipe.html  

QTLRel: http://www.biomedcentral.com/1471-2156/12/66  

DOQTL: http://cgd.jax.org/apps/doqtl/DOQTL.shtml  

http://valdarlab.unc.edu/software/bagpipe/_build/html/bagpipe.html
http://www.biomedcentral.com/1471-2156/12/66
http://cgd.jax.org/apps/doqtl/DOQTL.shtml


DO Chemotherapy Study Design 
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0 6 
Blood Collection 

Neutrophil 
Counts 

Neutrophil 
Counts 

Cyclophosphamide 
Doxorubicin 

200 to 400 mice per drug 
Phenotype of interest: Neutropenia 



Neutrophil counts drop in DO mice after 
chemotherapy 
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Cyclophosphamide: Gene(s) on Chr 11 
influence neutropenia. 
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We can dissect the founder allele 
effects in the DO. 
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Founder alleles lead 
to higher neutrophils 

Founder alleles lead 
to lower neutrophils 



Association Mapping Model 
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Regress phenotype on genotypes with kinship correction. 

𝑦𝑦𝑖𝑖 = 𝑠𝑠𝑖𝑖𝛼𝛼 + 𝑔𝑔𝑖𝑖𝛽𝛽 + 𝛾𝛾𝑖𝑖 + 𝜀𝜀𝑖𝑖 

yi = phenotype of animal i 
si = sex of animal i 
a = sex effect 
gi = genotype of animal i (coded 0, 1 or 2) 
β = effect of SNP allele 
γi = kinship adjustment for animal i 
εi = residual error for animal i 

At each SNP: 



Association Mapping Software 
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EMMA(X): http://genetics.cs.ucla.edu/emmax/  

FastLMM: http://research.microsoft.com/en-us/um/redmond/projects/MSCompBio/Fastlmm/  

GEMMA: http://www.xzlab.org/software.html  

DOQTL: http://cgd.jax.org/apps/doqtl/DOQTL.shtml  

http://genetics.cs.ucla.edu/emmax/
http://research.microsoft.com/en-us/um/redmond/projects/MSCompBio/Fastlmm/
http://www.xzlab.org/software.html
http://cgd.jax.org/apps/doqtl/DOQTL.shtml


Association Mapping 
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Baud, A. et.al., Nat. Gen., 2013 
Gatti, D. et.al., G3, 2014 

Impute the founder genotypes onto DO mice. 
Perform GWA mapping using SNPs. 



Association Mapping  
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Founders have been sequenced. 

We have founder haplotypes for the DO. 

Map founder sequences onto DO. 

QTL map using smaller, three genotype model. 

A B C D E F G H 

0 1 0 0 1 1 0 0 

DO # Geno 
AB 0+1 1 
BB 1+1 2 
AC 0+0 0 
BE 1+1 2 
DE 0+1 1 

0 1 2 

One Sanger SNP 



P53 is a major DNA repair gene on Chr 11. 
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Trp53 



Sanger Mouse Genome Project 
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http://www.sanger.ac.uk/sanger/Mouse_SnpViewer/rel-1410  

http://www.sanger.ac.uk/sanger/Mouse_SnpViewer/rel-1410


Sanger SNPs that match the founder 
effect pattern 
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Chr Position Gene dbSNP Ref 
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11 69581881 Trp53 rs26922529 C - T - T - T T - 
11 69581959 Trp53 rs46428169 A - T - T - T T - 
11 69582531 Trp53 rs49610642 A - G - G - G G - 
11 69584800 Trp53 rs51392127 A - G - G - G G - 
11 69584819 Trp53 rs47258361 G - A - A - A A - 
11 69584824 Trp53 rs47491011 T - C - C - C C - 
11 69584832 Trp53 rs51564940 C - T - T - T T - 
11 69584837 Trp53 rs51593866 A - G - G - G G - 
11 69584954 Trp53 rs26922516 C - G - G - G G - 
11 69585102 Trp53 rs26922515 C - T - T - T T - 
11 69585137 Trp53 rs26922514 G - A - A - A A - 
11 69585351 Trp53 rs26922513 C - T - T - T T - 
11 69585432 Trp53 rs26922512 T - C - C - C C - 
11 69585564 Trp53 rs26922511 A - G - G - G G - 
11 69586165 Trp53 rs29383202 A - G - G - G G - 
11 69586833 Trp53 rs29422241 A - T - T - T T - 
11 69587290 Trp53 rs26922507 A - G - G - G G - 
11 69587985 Trp53 rs29454713 A - G - G - G G - 
11 69588218 Trp53 rs26922506 G - A - A - A A - 



Doxorubicin: Gene(s) on Chr 5 influence 
neutropenia. 
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Founder allele effects on Chr 5. 
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Founder alleles lead 
to higher neutrophils 

Founder alleles lead 
to lower neutrophils 



ABCB1 is a multidrug resistance 
gene on Chr 5. 
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     Abcb1b 
Abcb1a 



Future Directions 
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Website where users can: 

Upload genotype data and perform haplotype reconstruction 

Upload phenotype data and perform QTL mapping 

Deposit data for public release after publication 



Summary 
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Methods for haplotype reconstruction and mapping in the 
CC and DO are mature and robust. 

There are several software packages that implement these 
methods. (We use DOQTL) 

Founder sequences and association mapping facilitate 
candidate gene discovery. 
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