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Unraveling the complex relationship between phenotype and geno-
type poses a formidable challenge for biomedical science. Despite 
considerable success in identifying genetic loci that contribute to 
quantitative variation and disease susceptibility in humans1, in most 
organisms, the causal genetic variants at loci that contribute to com-
plex phenotypes remain unclear2. Finding the responsible molecular 
changes would allow an understanding of how phenotypic variation 
arises and would confirm the identity of relevant genes.

In this report, we present results from an outbred rat heterogeneous 
stock (hereafter, NIH-HS) in a combined sequence-based and genetic 
mapping analysis of 160 phenotypes. The NIH-HS, established in the 
1980s at the US National Institutes of Health (NIH), is descended 
from eight inbred progenitors3—BN/SsN, MR/N, BUF/N, M520/N, 
WN/N, ACI/N, WKY/N and F344/N—containing segregating varia-
tion representative of that found in commonly used laboratory rats.

Heterogeneous stocks have three characteristics suited to genetic 
mapping: (i) quantitative trait loci (QTLs) can be resolved to megabase 
resolution; (ii) the complete sequence of genotyped heterogeneous-stock 
animals can be imputed with high accuracy from the progenitor genomes; 
and (iii) the population has a well-defined haplotype space that can be 
exploited to determine whether genetic association is caused by single 
sequence variants or by haplotypes4–6. The distinction between haplotypic 
and single-marker association is fundamental to understanding the signals 
from genome-wide association studies (GWAS), where it is unknown how 
often causality can be attributed to a single variant. In natural populations, 
it is rarely feasible to test for haplotypic effects because of the difficulty of 
estimating the large number of unknown rare haplotypes7.

Here we describe the sequence of the 8 progenitor strains, the 
development of a rat SNP array, the genotyping and phenotyping of 
1,407 outbred NIH-HS rats and the mapping of hundreds of QTLs. 
We use the haplotypic properties of the NIH-HS to investigate the 
molecular basis of these QTLs.

RESULTS
Sequence analysis
We generated SOLiD sequence data for the eight NIH-HS inbred 
founder strains equivalent to an average of 22× base coverage. 
After mapping sequence to the reference strain (BN/NHsdMcwi)8, 
we report our results with respect to the accessible genome, which 
represents ~88% of the reference genome (Table 1). We identified  
7.2 million SNPs (containing 19.8 million genotypes differing from the 
reference in at least 1 strain), 633,000 indels (<10 bp, with the major-
ity consisting of 1-bp (79.3%) or 2-bp (12.3%) changes) and 44,000  
structural variants.

We assessed the sensitivity and specificity of variant calls by com-
parison with 2.1 Mb of DNA from one non-reference strain, LE/
Stm, finished to an estimated accuracy of 1 error per 100,000 bp9. 
Although LE/Stm is not an NIH-HS progenitor strain, it is one of 
the few non-reference rat strains cloned into a library of BACs (and 
thus suitable for highly accurate clone-based sequencing)9 and one 
that similarly diverged from the reference strain (BN/NHsdMcwi). 
Comparison of SOLiD and capillary sequencing variant calls showed 
that 2.7% of SNPs, 2.2% of indels and 16.7% of structural variants 
were false positive calls. These error rates were independently con-
firmed in the NIH-HS strains by analysis of a randomly selected 
subset of variants using PCR-based resequencing, which confirmed 
all selected SNPs (84/84) and indels (80/80) and most structural 
variants (53/54). In contrast, false negative rates were much higher: 
17.2% for SNPs, 41.4% for indels and 65% for structural variants. 
Most false negative SNPs and indels are next to repeats (77.9% and  
80.8%, respectively).

We summarized the variation in each strain (Table 1). Excluding 
BN/SsN (which is a substrain of the reference and consequently has 
far fewer differences than the other strains), the average number of 
SNPs per strain was 2.8 million.

Combined sequence-based and genetic mapping analysis 
of complex traits in outbred rats
Rat Genome Sequencing and Mapping Consortium*

Genetic mapping on fully sequenced individuals is transforming understanding of the relationship between molecular variation 
and variation in complex traits. Here we report a combined sequence and genetic mapping analysis in outbred rats that maps 
355 quantitative trait loci for 122 phenotypes. We identify 35 causal genes involved in 31 phenotypes, implicating new genes in 
models of anxiety, heart disease and multiple sclerosis. The relationship between sequence and genetic variation is unexpectedly 
complex: at approximately 40% of quantitative trait loci, a single sequence variant cannot account for the phenotypic effect. 
Using comparable sequence and mapping data from mice, we show that the extent and spatial pattern of variation in inbred rats 
differ substantially from those of inbred mice and that the genetic variants in orthologous genes rarely contribute to the same 
phenotype in both species.

*A full list of authors and affiliations appears at the end of the paper.
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