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Abstract
We report the highest density genetic map yet created for any organism, except humans. Using more then 10,000 single nucleotide polymorphisms evenly spaced, we have constructed genetic maps based on outbred and inbred mice and separately for male and females. Recombination rates are highly correlated in outbred and inbred mice but show relatively low correlation between males and females. Our data suggest a high degree of homology between mouse and human in recombination process. Differences between males and females recombination maps and the sequence features associated with recombination are strikingly similar to those observed in humans.  The high resolution map will potentially serve as an important resource for genetic mapping and for studies of recombination.
Introduction
The large number of inbred strains, the wealth of spontaneous and induced mutations, together with our ability to engineer its genome, have guaranteed the mouse its place as the most important model organism for understanding mammalian biology, disease and evolution. Genetic methodologies are highly developed in the mouse; the availability of its complete genome sequence, coupled with inventories of transcripts and sequence polymorphisms, make it an ideal organism for identifying the molecular basis of complex traits, which continues to be a challenging goal for genetics. Despite the wealth of new genomic information that has accrued recently, the genetic map of the mouse is still based on data from crosses between inbred strains that were carried out using microsatellite markers in the late 1990s (Dietrich et al. 1996). The most recent and still the most comprehensive map was created by backcrossing Mus spretus to C57BL/6 and mapping the position of 3,368 markers on 982 progeny. The map consists of 2,302 genetically separated bins, with an average distance between bins of 0.61 cM (Rhodes et al. 1998). The genetic map was a critical resource for the construction of the physical map of the mouse genome and it continues to serve as a tool for mapping fully penetrant mutations. 

For many applications it is possible to convert the known physical distance between two sequences in the genome into a genetic distance, using the established metric that 1 centimorgan (cM) corresponds to approximately 2 megabases (Mb). For example it is possible in this way to infer genetic distances between the many thousands of single nucleotide polymorphisms that have not been mapped in crosses. However, the absence of higher resolution maps limits our appreciation of the relationship between physical and genetic distance in the mouse. It is unclear how variation in rates of recombination along a chromosome relates to the functional organization of the genome (that is to say the distribution of genes and other recognized elements), how gender influences recombination varies between sexes and whether recombination varies according to the cross in which it is measured.  Furthermore, high resolution genetic maps are desirable for the mapping of the small effect loci that contribute to variation in many complex traits, which is often a first step towards identifying biomedically relevant genes. For example, mapping in outbred animals, that accumulate recombinations over time, requires a dense genetic map, as does mapping using the large number of recombinant inbred (RI) lines in the collaborative cross proposal. 
We set out to construct a high resolution genetic map based on a high density panel of single nucleotide polymorphisms (SNPs). We generated two genetic maps for over 10,000 SNPs.  One map was constructed using eight available RI lines (AXB, BXA, CXB, BXD, BXH, AKXD, LXS and SWXJ). The second was constructed using recombinants that have accumulated over three generations in a genetically heterogeneous stock of outbred mice (HS mice) (cite demerest). The HS are descended from eight inbred progenitors (AKR/J, A/J, BALB/cJ, CBA/J, C3H/HeJ, C57BL/6J, DBA/2J and LP/J) , and although their genomes are fine-grained mosaics of these founders, for the purpose of constructing the genetic map we ignored their ancestry and focused only on the last three generations of the cross for which full pedigree information was available.
The availability of reliable sequence maps for the mouse genome together with the high resolution map that have been constructed in this study provide better estimates for the recombination rate in the mouse genome. These estimates could be used for the study of the correlation between sequence features and recombination rates. In addition, our maps which are based on inbred strains and outbred population could be used for the study of the effect of inbreeding on recombination modulated by selection. The HS animals provide for the first time a detailed estimate for the differences in recombination rates between male and female mice. 
Results
SNPs selection

The SNP selection process provided 15,348 SNPs distributed across the genome, including 120 unmapped SNPs in the time of the selection (build 33). The average interval size between the selected SNPs based on build 34 is 167.0 Kb (SD=141.5). 99.0% of the intervals are below 500Kb and 81.2% below 250Kb. 
Genotype quality and accuracy
13,367 SNPs were successfully genotyped using the Illumina BeadArray platform with call rates of 99.86%. The estimate accuracy of the genotypes is 99.99% based on the inheritance of alleles in 1,097 trios and 25 samples genotyped twice. In a comparison of 5,089 SNPs in 42 inbred strains between our data and the Merk SNP database (Cervino et al. 2005) there is 0.41% disagreement. Assuming an equal error rate in the two studies, the estimated accuracy of our data is 99.98%. [EXPLAIN THIS, why not 99.79%?]
 Samples genotyped

We used both outbred (HS) and inbred mouse populations to create genetic maps.
I. Heterogeneous stock

Genotypes were obtained for 11,247 informative SNP markers in 2,293 individuals. Pedstats (Wigginton and Abecasis 2005) and Pedcheck (O'Connell and Weeks 1998) were used to identify non-Mendelian transmissions. Incorrectly specified relationships in two individuals were responsible for most inheritance errors in autosomal marker genotypes (1323). On the X chromosome, there were 16 genotype errors that were resolved by deleting genotypes in 6 individuals, and changing sex-status in 11 individuals. Following data clean-up, there were 84 pedigrees, eight of which were large complex multi-generational families with inbreeding loops, encompassing the majority (61.1%) of individuals. The remaining 76 families were nuclear, with an average sibship size of 9.6 (range 2-34). The pedigrees consisted of over 4,000 potentially informative meioses, of which the average number of informative meioses per marker was 1,296.7 (range: 9-2,755 per marker), and the average number of phase-known meioses was 198.1 (range: 7-964 per marker). 
II. Recombinant inbreds


Eight RIs (and their progenitors) were genotyped. The RI sets include: AXB (22 individuals, 7,696 polymorphic SNPs), BXA (18 individuals, 7,696 polymorphic SNPs), CXB (13 individuals, 6,698 polymorphic SNPs), BXD (89 individuals, 7,367 polymorphic SNPs), BXH (16 individuals, 7,458 polymorphic SNPs), AKXD (24 individuals, 5,042 polymorphic SNPs), LXS (77 individuals, 4,803 polymorphic SNPs) and SWXJ (14 individuals, 2,634 polymorphic SNPs). 
Genetic map
I. Heterogeneous stock
Genetic maps were constructed using a set of 10,202 informative SNPs in the 84 HS pedigrees. These SNPs were derived from a starting set of 11,247 informative SNPs that were initially placed along the map according to the build 34 physical map order. We, discarded 1034 markers due to order discrepancies in the linkage support for physical order (see Methods). An additional 12 markers were discarded due to highly inflated recombination rates, which indicated inconsistencies in the map order. The resulting 10,202 markers had an average minor allele frequency of 0.26 (range: 0.003-0.5).  Supplemental Table X lists the starting set of SNPs, their physical positions and eventual status.
The total length of the sex-averaged genetic map was estimated to be 1,629.75 cM, which agreed with previously published maps (Dietrich et al. 1996; Rhodes et al. 1998). The average genetic inter-marker distance was 0.16 cM, the largest inter-marker interval was 6.15 cM on chromosome 5, and the average relationship between genetic and physical distance was 0.37 cM/Mb for the sex-averaged map (Table 1).  Sex–specific maps were also obtained in the HS data and, as observed in other species, showed a pronounced variation in the rate of recombination. The lengths of the female and male genetic maps were 1,817.43 cM and 1,385.69 cM, respectively. 
II. Recombinant inbreds
A consensus genetic map was constructed using 11,609 polymorphic SNPs and 266 RIs from 8 sets. 23 SNPs (0.2%) with 3 or more double recombinations were excluded from the map construction. In the BXD set there were 52 SNPs that showed an unusual pattern of double recombinations that corresponded to the three different phases of development of the BXD RIs(Taylor 1978; Taylor et al. 1999; Peirce et al. 2004). Forty-seven SNPs were not polymorphic in the 26 BXD strains that were first developed but were polymorphic in strains developed later. Five markers were not polymorphic in the first 36 BXD strains but were polymorphic in the later lines. These data indicate that different progenitors were used during the creation of the BXD lines. Therefore we treated the BXD as three different sets for the analysis of 52 SNPs. Of the 277 RIs, 7 were not used for the map construction. Five strains (AXB19, AXB20, AXB14 and BXA8) were excluded because their genotypes indicated that they could not be considered as independent strains (Sampson et al. 1998). Two additional strains (AXB1 and AXB2) were excluded from the analysis because of an extremely large number of double recombinations (seven times more then other strains in the set). The remaining genotypes are assumed to be highly accurate. 124 genotypes (0.008% of genotypes) had an error LOD score of more then 3, which is consistent with the genotyping accuracy estimates of 99.99%. On average, 52.6% of the 266 inbreds had informative genotypes per SNP (mean = 140 genotypes, SD = 60).
The genetic map is converted from the RI recombination frequencies to the value expected for single generation meiotic maps. Following Haldane and Waddington (Haldane and Waddington 1931), the recombination frequency between two autosomal markers in a brother-sister mating should be on average 4x/(1+6x), where x is the recombination fraction between markers per meioses.  Thus, the expansion of the RI map with high number of markers, as in this study, is expected to be 3.97. The total genetic length of the RI map from proximal to distal SNP on each chromosome is 1,604.8 cM. The RI map length is in good agreement with the length of MIT/Whitehead (WI; 1,408.6 cM) and the Mouse Genome Informatics (MGI; 1,695.4 cM) maps.  
The genetic lengths of each chromosome are presented in table 2. The total number of recombinations observed is 14,601 for the 267 strains. On average, each strain had 54.7 recombinations, ranged between 40 for the SWXJ set and 68.5 for the total BXD set (Table 3).  One of the BXD subsets was developed using advanced intercross populations and therefore contains ~1.7 times more recombination per line. The   average number of recombinations in each of the other sets is correlated with the number of polymorphic SNPs in the set (R=0.84, P = 0.02). The average distance between recombination events in the RI map is 0.11 cM (29.3 cM per strain[HOW IS THIS CALCULATED?]) or 177.1 Kb (47.3 Mb per strain). The average genetic distance between SNPs in the RI map is 0.14 cM or 216.4 Kb and the average resolution is 0.45 cM [WHAT IS RESOLUTION?] (Table 2).
Recombination rates
We compared the genetic and physical distances and calculated the recombination rates, expressed as centimorgans per megabase across the genome. The genome-wide average ratio is 0.63 cM/Mb for the HS sex-averaged map and 0.62 cM/Mb for the RI map. The rates varied between chromosomes and range between 0.43-0.88 and 0.51-1.01 cM/Mb per chromosome for the HS and RIs respectively.
Variation in recombination rates between chromosomes is partly accounted for by chromosome size (HS: R = 0.59, P = 0.0056; RIs: R=0.85, P = 1.6x10-6). There is a negative correlation between chromosome size and chromosome average recombination rate, with the recombination rate of the smallest chromosome (chromosome 19) being approximately 1.5 fold of that of the longest chromosome (chromosome 1) in the HS and twice that of the RIs. The correlation between chromosome size and recombination rate is higher in female HS (R = 0.61, P = 0.0041) then in males (R = 0.47, P = 0.044). The X chromosome does not account for this difference between females and males as it exhibits a lower rate of recombination relative to the rate expected by its size, as also observed in humans (Kong et al. 2002).

We next calculated the recombination rates along chromosomes using windows of one, three and five Mb. There were similar trends in most regions for HS and RI maps (figure 1). The correlation between recombination rates calculated for each window for the HS and RIs is 0.50, 0.60 and 0.66 [IF THESE ARE R2 values then they should be reported as R=0.71, 0.77, 0.81] respectively (P = 0.0 [TO WHICH CORRELATION DOES TOHE P-VALUE REFER?). The range of recombination rates for 1, 3 and 5 Mb windows varies between 0-6, 0-2 and 0-3 cM/Mb respectively, with higher rates of recombination near the telomeres.
We calculated recombination rates in males and females using the sex specific HS map for all autosomes. On average, the autosomal rate of recombination was higher in females (0.72 cM/Mb) than in males (0.57 cM/Mb). The recombination rate in females is notably higher near the centromere and in males is higher near the distal telomere (P = 2.3X10-7), similar to the pattern observed in humans (Figure 2).  We also examined the correlation between male and female recombination rates and identified many regions showing high recombination rate in one sex but not the other (Figure 3). For example, there are 4 sex specific peaks on chromosome 6 between 60 Mb and the end of the chromosome. The correlation between sex-specific recombination rates calculated using 1, 3 and 5 Mb non-overlapping windows for males and females were 0.28, 0.32 and 0.33 respectively (P < 1x10-6)[ARE THESE R2]. 
Correlation of recombination with sequence parameters

We selected 154 regions of recombination jungles and deserts (defined as xxxxx)  that were present in both HS and the RIs. A 1 Mb non-overlapping window was used to identify the top 10% of the regions with the highest recombination rate (recombination jungles) and the bottom 10% with the lowest rate (recombination deserts)WHY NOT USE HOT-SPOTS AND COLD-SPOTS?. Out of the 494 regions, 154 regions were in concordant recombination jungles and deserts in both HS and RIs. Only 13 regions were discordant, being in the high 10% based on one map (in 10 of 13 cases in the HS map) and in the low 10% based on the other map. We compared the abundance of repeat elements and sequence motifs between recombination jungles and deserts regions. 
We found differences in the abundance of many sequence variables, including simple repeats, interspersed repetitive sequences and transposable elements (Table 4). For example, we found a higher abundance of simple repeats in recombination jungles, including (CA)n (ratio of mean number in jungles/deserts=1.8 do you mean number or length ?) and (TG)n repeats (Ratio = 1.9) and low complexity repeats (Ratio = 1.4). In contrast, (TA)n repeats (Ratio = 0.79) and some long interspersed nuclear elements (LINEs) (Ratio = 0.6) are underrepresented in recombination jungles, as seen also in the study of human recombination hotspots (Myers et al. 2005). An individual LINE, L1_MM, is the most significant feature associated with recombination (Ratio = 0.3, P = 2.8x10-35). However, the most significant element enriched in recombination jungles is a recently identified motif of seven nucleotide oligomer (CCTCCCT; Ratio = 1.9, P = 6.8x10-29) highly enriched in human recombination hotspots (Myers et al. 2005). The number of CCTCCCT motif is a very strong predictor for recombination jungles vs. deserts (Figure 5), and it explains 63% of the variance in a logistic regression model[ you don’t have variance in a logistic regression model – I think you mean deviance. In addition to CCTCCCT, a nine nucleotide oligomer (CCCCACCCC) that was also identified in human recombination hotspots, is enriched in recombination jungles (Ratio = 2.2, P = 2.2x10-20). However, the abundance of this motif is in correlation with the CCTCCCT motif (Jungles, R2 = 0.62; deserts, R2 = 0.55) and does not significantly add to the explained variance in a logistic regression model. [DID YOU LOOK FOR OTHER MOTIFS?]
DISCUSSION
We have constructed one of the highest density genetic maps for any organism. Using both outbred animals and recombinant inbred lines we placed more then 10,000 markers on to the mouse genome, yielding an average genetic inter-marker distance of around 0.15 cM.  The average resolution was 0.37-0.45 cM/Mb for the sex-averaged maps. The high level of genotyping accuracy (99.99%) and the error checking procedures result in a highly reliable linkage map. 
These maps are important tools for the genetic mapping of the small effect loci that contribute to most quantitative phenotypic variation (cite Valdar 2006 Nat Genet). The genetic maps have high resolution and are based on SNPs, the markers of choice in current mapping studies. Also, for the first time high resolution sex specific genetic maps are provided. The use of sex-specific estimates of map distance has been shown theoretically to increase the statistical power to detect QTL and to improve mapping resolution (Lorch 2005). 
Our estimates of recombination rates in the mouse genome make it possible to examine the causes and consequences of detailed variation in recombination rates. From our work, the mouse genome average recombination rate is 0.6 cM/Mb, close to previous estimates of 0.56 cM/Mb (Jensen-Seaman et al. 2004). This rate is about half that found in humans. Humans have around twice as many chromosomal arms, and it has been suggested that recombination is proportional to the number of chromosome arms because of the requirement for at least one chiasma per chromosome arm (Pardo-Manuel de Villena and Sapienza 2001).  The genome-wide average recombination rates in inbred and outbred populations are very similar:  0.63 cM/Mb and 0.62 cM/Mb respectively. However, we observed differences in recombination rates between chromosomes, which are negatively correlated with chromosome size.  It is possible that, as has been suggested in humans, variation in recombination rates between chromosomes occurs because each chromosome arm is constrained to have a single chiasma, and the effect of fixing the lower limit of recombination will affect smaller chromosome arms more than larger (Laurie and Hulten 1985). 
We found that chromosome-specific recombination rates differed between outbred and inbred populations. Recombination in the RIs appears to be more constrained by chromosome size, which explains, 73% of the variance in the chromosome average recombination rate while in the HS it explains only 35% of the variance.  Petkov et al. (Petkov et al. 2005) suggest that inbreeding results in strong selection for specific allele combinations in mouse inbred lines: selection against recombination occurs when a combination of alleles at unlinked loci confers a survival advantage during the inbreeding process.  Our data support the hypothesis of lower recombination events in inbreds, but only for long autosomes. Higher recombination rates are observed in the HS relative to the RIs in the large chromosomes, and lower rates in the small chromosome (with the exception of the X chromosome). However overall there were very few regions where the rates of recombination in HS and RIs were discrepant.

The difference in recombination rates between the sexes in mice is similar to that observed in humans. In both species the average recombination rate in females is higher then males, recombination rates are higher for females near the centromers and for males towards the telomere (Kong et al. 2002). Moreover, the correlation between females and males recombination rates across the whole genome is relatively weak, with many sex specific peaks and troughs in recombination rates. This suggests that a larger proportion of the variance in recombination can be explained by sex specific recombination events than by local sequence variables. A direct measure of recombination using immunohistological methods has shown that sex and not genotype influence recombination in several ways (Lynn et al. 2005). Female mice exhibit overall higher rate of recombination. Recombinations in males were overrepresented in distal telomeric region.  
Recombination was found to be associated with sequence features in a similar way to the findings of previous studies of human and mouse (Jensen-Seaman et al. 2004). The most significant motif, enriched in 1 Mb regions of high recombination rate relative to low recombination regions, is a CCTCCCT motif associated with recombination hotspots in humans (Myers et al. 2005). In humans, this motif was most strongly associated with hotspots when it lies within a long terminal repeats (THE1B and THE1a) which are not present in the mouse genome. This implies that the CCTCCCT motif itself is an important role in the generation of recombination. Our resolution, relative to the hotspots distribution in human, is coarse. However this seven oligomer motif explains a majority of the differences between 1 Mb regions of recombination jungles and deserts. 
Our genetic maps are available from http://www.well.ox.ac.uk/mouse/ .
METHODS
SNP selection

We selected SNPs across the genome that distinguish between the eight HS founders (A/J, AKR BALB/cJ, DBA2/J, C57BL/6J, LP/J, I, RIIIS/J).  We used datasets to select SNPs that are validated and polymorphic in at least some of the HS founders (Wiltshire et al. 2003; Petkov et al. 2004; Cervino et al. 2005). The SNPs were merged together and remapped onto the mouse genome (build33). SNPs closer than 50kb with identical strain distribution pattern (SDP) were discarded. All gaps without SNPs over 500kb were filled using SNPs from Celera, Affymetrix SNPs and from the CZECHII mouse. The genotyping was carried out at Illumina (San Diego, CA) using their proprietary BeadArray genotyping platform.
Genetic map construction
I. Heterogeneous stock
The mapping algorithm used the physical sequence positions to determine the initial order of the markers on the map, followed by estimation of linkage support for the physical order, and maximum-likelihood estimates of the recombination fractions. The majority of markers were present in Build 34, and where these were unavailable (125 SNPs) build 33 locations were used to interpolate marker order on build 34. We used Crimap (Lander and Green 1987) to construct linkage maps applying the Kosambi map function (Kosambi 1944). 
Linkage support for physical order was obtained using two stages of analysis. The first step was to confirm localization of each marker to its designated chromosome. In the set of 11,247 informative markers, we required each marker to exhibit linkage to at least one other marker on that chromosome, with odds greater than 1000:1, using the twopoint option in Crimap. Altogether, 11,199 markers were linked to at least one marker on the chromosome with Lod > 3, and 48 markers were discarded at this stage. The second test of map order consisted of the removal and remapping of each marker onto the map. A marker was kept in its physical build 34 location only if the likelihood of the physical location was within 1 LOD unit of the highest likelihood obtained. 
Because of the complexity of some of the pedigrees and the number of markers, it was not possible to include the entire chromosomes in the analyses. Therefore, each chromosome was analyzed using overlapping windows of 5 to 15 SNPs at a time, by considering all possible orders within a given window of markers using the all function in Crimap. If a marker did not map to within 1 LOD unit of its physical location, we searched for the highest likelihood of placement along the remaining windows for that chromosome. At this stage, 10,213 markers mapped to their physical location using this method. The remaining 986 markers mapped to multiple locations along the designated chromosome, on average mapping to 4 locations. 

Once linkage support for marker order was established recombination rate estimates were obtained for the 10,213 markers in Crimap. Recombination rate estimates were calculated using the fixed function of Crimap in a series of overlapping windows of 5 to 15 SNPs using the maximum number of estimated data-points (over all windows) to calculate the recombination fraction between each pair of markers. Following recombination rate estimation, 2 markers in the map had inflated recombination rates and appeared completely unlinked in all windows analyzed. Because the density of markers indicated that these were highly unlikely events, we excluded these markers from the maps, and excluded one window on chromosome 12 for which two such events occurred within a window of 9 consecutive markers. As a result, 10,202 markers were placed on the map.

In the final set of 10,202 markers we also estimated double recombinant events, which may indicate erroneous genotypes or potential chromosomal rearrangements. The rate of double recombinants over the genome was estimated for series of consecutive markers using the chrompic function in Crimap. The resulting estimate over the genome was 5×10-5, which varied by chromosome. However, we did not exclude any genotypes at this stage based on the premise that the double recombinant events may represent chromosomal rearrangements, in particular deletions. 
Give a table in supplementary information detailing the fates of each marker
II. Recombinant inbreds
Within each set of RI animals [ITEMIZE THEM] we deleted any non-polymorphic SNPs from each set as well as  SNPs whose flanking sequence  that were not mapped to a single location in the build 34 mouse genome assembly. The genotypes were recorded as 1 or 2 based on the alleles of the founders and  Heterozygotes (which should not occur) were treated as missing values. The SNPs were ordered based on build 34.  The number of double recombinations of adjacent SNPs was calculated for each SNP and each strain. If more than two double recombinants  were found for a SNP interval it was taken to indicate potential genotype errors or errors in the order of markers. Markers with more then two double recombinations were excluded. For this [?WHICH?] analysis, the genotypes of the 8 RIs sets from 266 strains were combined into one dataset. Alleles of SNPs that are not polymorphic in an RI set were treated as missing data. The error LOD score (Lincoln and Lander 1992) was calculated for each genotype to identify possible genotyping errors using the R/QTL (ref broman) function "calc.errorlod". R/QTL was used to estimate the genetic distances between 11609 SNPs that were polymorphic in at least one of the RI sets. 

Sequence Features
We obtained gene and repeat features from the ensembl database (data derived from mouse assembly NCBI 34) using standard perl modules (Potter et al. 2004). GC content and the presence of particular sequence motifs were obtained by directly scanning DNA sequences of interest using bespoke perl scripts. We used the student's t-test to compare the abundance of features in recombination jungles and deserts.
Acknowledgements
This work was supported by the Wellcome Trust. We thank Tara Matise and Chunsheng He for helpful discussions about the HS genetic maps. We thank Karl Broman for help with the RI analysis.
References

Cervino AC, Li G, Edwards S, Zhu J, Laurie C, Tokiwa G, Lum PY, Wang S, Castellini LW, Lusis AJ, Carlson S, Sachs AB, Schadt EE (2005) Integrating QTL and high-density SNP analyses in mice to identify Insig2 as a susceptibility gene for plasma cholesterol levels. Genomics 86:505-517

Dietrich WF, Miller J, Steen R, Merchant MA, Damron-Boles D, Husain Z, Dredge R, Daly MJ, Ingalls KA, O'Connor TJ (1996) A comprehensive genetic map of the mouse genome. Nature 380:149-152

Haldane JBS, Waddington CH (1931) Inbreeding and linkage. Genetics 16:357:374

Jensen-Seaman MI, Furey TS, Payseur BA, Lu Y, Roskin KM, Chen CF, Thomas MA, Haussler D, Jacob HJ (2004) Comparative recombination rates in the rat, mouse, and human genomes. Genome Res 14:528-538

Kong A, Gudbjartsson DF, Sainz J, Jonsdottir GM, Gudjonsson SA, Richardsson B, Sigurdardottir S, Barnard J, Hallbeck B, Masson G, Shlien A, Palsson ST, Frigge ML, Thorgeirsson TE, Gulcher JR, Stefansson K (2002) A high-resolution recombination map of the human genome. Nat Genet 31:241-247

Kosambi DD (1944) The estimation of map distances from recombination values. Ann Eugen 12:172-175

Lander ES, Green P (1987) Construction of multilocus genetic linkage maps in humans. Proc Natl Acad Sci U S A 84:2363-2367

Laurie DA, Hulten MA (1985) Further studies on chiasma distribution and interference in the human male. Ann Hum Genet 49 ( Pt 3):203-214

Lincoln SE, Lander ES (1992) Systematic detection of errors in genetic linkage data. Genomics 14:604-610

Lorch PD (2005) Sex differences in recombination and mapping adaptations. Genetica 123:39-47

Lynn A, Schrump S, Cherry J, Hassold T, Hunt P (2005) Sex, not genotype, determines recombination levels in mice. Am J Hum Genet 77:670-675

Myers S, Bottolo L, Freeman C, McVean G, Donnelly P (2005) A fine-scale map of recombination rates and hotspots across the human genome. Science 310:321-324

O'Connell JR, Weeks DE (1998) PedCheck: a program for identification of genotype incompatibilities in linkage analysis. Am J Hum Genet 63:259-266

Pardo-Manuel de Villena F, Sapienza C (2001) Recombination is proportional to the number of chromosome arms in mammals. Mamm Genome 12:318-322

Peirce JL, Lu L, Gu J, Silver LM, Williams RW (2004) A new set of BXD recombinant inbred lines from advanced intercross populations in mice. BMC Genet 5:7
Petkov PM, Cassell MA, Sargent EE, Donnelly CJ, Robinson P, Crew V, Asquith S, Haar RV, Wiles MV (2004) Development of a SNP genotyping panel for genetic monitoring of the laboratory mouse. Genomics 83:902-911

Petkov PM, Graber JH, Churchill GA, DiPetrillo K, King BL, Paigen K (2005) Evidence of a large-scale functional organization of mammalian chromosomes. PLoS Genet 1:e33

Potter SC, Clarke L, Curwen V, Keenan S, Mongin E, Searle SM, Stabenau A, Storey R, Clamp M (2004) The Ensembl analysis pipeline. Genome Res 14:934-941

Rhodes M, Straw R, Fernando S, Evans A, Lacey T, Dearlove A, Greystrong J, Walker J, Watson P, Weston P, Kelly M, Taylor D, Gibson K, Mundy C, Bourgade F, Poirier C, Simon D, Brunialti AL, Montagutelli X, Gu'enet JL, Haynes A, Brown SD (1998) A high-resolution microsatellite map of the mouse genome. Genome Res 8:531-542

Sampson SB, Higgins DC, Elliot RW, Taylor BA, Lueders KK, Koza RA, Paigen B (1998) An edited linkage map for the AXB and BXA recombinant inbred mouse strains. Mamm Genome 9:688-694

Taylor BA (1978) Recombinant inbred strains: use in gene mapping. In: Morse HC (ed) Origins of Inbred Mice. Academic

Press, New York, pp 423–438

Taylor BA, Wnek C, Kotlus BS, Roemer N, MacTaggart T, Phillips SJ (1999) Genotyping new BXD recombinant inbred mouse strains and comparison of BXD and consensus maps. Mamm Genome 10:335-348

Wigginton JE, Abecasis GR (2005) PEDSTATS: descriptive statistics, graphics and quality assessment for gene mapping data. Bioinformatics 21:3445-3447

Wiltshire T, Pletcher MT, Batalov S, Barnes SW, Tarantino LM, Cooke MP, Wu H, Smylie K, Santrosyan A, Copeland NG, Jenkins NA, Kalush F, Mural RJ, Glynne RJ, Kay SA, Adams MD, Fletcher CF (2003) Genome-wide single-nucleotide polymorphism analysis defines haplotype patterns in mouse. Proc Natl Acad Sci U S A 100:3380-3385



Figure legends

Figure 1. Averaged recombination rate for all chromosomes using RIs (black line) and HS (blue line) genetic maps. The ratio between the genetic distance and physical distance was calculated using a sliding window of 5 Mb and a shift of 2 Mb between windows centers, assuming a constant rate of recombination between two adjacent markers.
Figure 2. The ratio between recombination rate in female and males as a function of the relative distance from the centromere, calculated in a 10 Mb non-overlapping windows for all chromosomes. The distance of each window from the centromere is presented as the percentage of the total length of the chromosome. The trend is presented by a black line calculated by a moving average with window of 20 regions. A relatively constant but higher recombination rate (ratio >1) is seen in females across most of the chromosome. A notably higher recombination rate is seen in females near the centromere (distance = 0-10%) and in males near the distal telomere (distance = 100%). 
Figure 3. Averaged recombination rate for all chromosomes calculated similar to the HS sex averaged map, for males (black line) and females (blue line). 

Figure 4. The difference between chromosomes genetic length in RIs and HS as a function of chromosomes physical length. The line is a linear regression fit, excluding the X chromosome. Recombination rate is significantly increased in HS compared to the RIs with the increase of chromosome physical length (P = 0.007). 

Figure 5. Enrichment of CCTCCCT motif in recombination jungles. The standard deviation from the mean number of CCTCCCT motifs is plotted against recombination rate. Red bars are 1 Mb regions included in the top 10% recombination rate in both HS and RIs (recombination jungles) and blue bars are regions in bottom 10% (recombination deserts). 
TABLES
Table 1. Description of the SNP genetic map in the HS pedigrees
	 
	 
	 
	Genetic length (cM)
	 
	 
	 

	Chromosome
	SNPs
	Map Positionsa
	Sex Averaged
	Female
	Male
	Map Resolutionb
	Physical lengthc (Mb)
	cM/Mb

	1
	873
	388
	118.1
	133.5
	103.5
	0.3
	194.9
	0.61

	2
	762
	331
	108.4
	121.9
	97.0
	0.33
	182.6
	0.59

	3
	698
	318
	89.6
	104.4
	73.9
	0.28
	159.9
	0.56

	4
	678
	344
	101.7
	114.7
	84.9
	0.3
	155.2
	0.66

	5
	597
	286
	106.8
	111.1
	98.4
	0.37
	153.1
	0.70

	6
	611
	294
	90.0
	101.4
	79.7
	0.31
	149.7
	0.60

	7
	512
	262
	89.7
	95.4
	87.6
	0.34
	141.8
	0.63

	8
	520
	213
	80.5
	96.7
	65.6
	0.38
	127.9
	0.63

	9
	441
	231
	86.0
	96.8
	75.0
	0.37
	123.8
	0.70

	10
	359
	181
	83.4
	83.6
	83.4
	0.46
	130.1
	0.64

	11
	614
	293
	97.1
	101.3
	92.6
	0.33
	122.1
	0.80

	12
	465
	239
	69.3
	75.1
	66.0
	0.29
	117.8
	0.59

	13
	454
	206
	69.5
	82.7
	57.6
	0.34
	116.7
	0.60

	14
	489
	182
	59.7
	71.9
	50.6
	0.33
	119.2
	0.50

	15
	454
	213
	65.1
	72.3
	60.8
	0.31
	103.7
	0.63

	16
	420
	197
	63.2
	77.0
	49.2
	0.32
	98.5
	0.64

	17
	398
	166
	63.0
	66.5
	59.8
	0.38
	93.3
	0.68

	18
	338
	171
	64.2
	85.3
	48.2
	0.38
	90.9
	0.71

	19
	221
	121
	54.1
	55.9
	51.9
	0.45
	61.2
	0.88

	X
	298
	89
	70.5
	70.5
	-
	0.79
	164.9
	0.43

	Total
	10202
	4725
	1629.8
	1817.4
	1385.7
	0.37
	2607.3
	0.63


a The number of unique positions of the sex-averaged map.
b The length of the sex-averaged map divided by the number of unique map positions.

c Physical length is the distance between the first and last SNP
Table 2. Description of the SNP genetic map in the RIs

	Chromosome
	SNPs
	Map Positionsa
	Genetic length (cM)
	Map Resolutionb
	Physical lengthc (Mb)
	cM/Mb

	1
	1022
	282
	100.4
	0.36
	195.0
	0.51

	2
	888
	252
	107.0
	0.42
	181.5
	0.59

	3
	784
	234
	82.8
	0.35
	158.8
	0.52

	4
	705
	216
	91.1
	0.42
	154.7
	0.59

	5
	710
	241
	97.3
	0.40
	149.3
	0.65

	6
	631
	198
	89.4
	0.45
	150.2
	0.60

	7
	606
	184
	84.1
	0.46
	139.6
	0.60

	8
	576
	167
	75.8
	0.45
	127.8
	0.59

	9
	539
	178
	82.1
	0.46
	124.1
	0.66

	10
	447
	154
	81.8
	0.53
	129.3
	0.63

	11
	699
	204
	90.8
	0.45
	121.6
	0.75

	12
	503
	170
	72.3
	0.43
	115.7
	0.62

	13
	550
	152
	67.4
	0.44
	114.5
	0.59

	14
	525
	141
	65.0
	0.46
	118.8
	0.55

	15
	476
	171
	70.1
	0.41
	103.4
	0.68

	16
	437
	135
	67.6
	0.50
	97.1
	0.70

	17
	505
	139
	64.0
	0.46
	92.5
	0.69

	18
	410
	145
	71.9
	0.50
	89.2
	0.81

	19
	285
	116
	60.7
	0.52
	60.4
	1.01

	X
	311
	92
	83.2
	0.90
	163.1
	0.51

	Total
	11609
	3571
	1604.8
	0.45
	2586.6
	0.62


a The number of unique positions of the map. Unique positions were considered as positions separated by more then 0.01 cM.

b The length of the genetic length divided by the number of unique map positions.

c Physical length is the distance between the first and last SNP
Table 3. Average number of recombinations for different RI sets
	RI set
	No. of strains
	Number of polymorphic SNPs
	Number of recombinations
	Recombinations/per strain

	AKXD
	24
	5042
	1027
	42.8

	AXB/BXA
	34
	7696
	1848
	54.4

	old BXD
	36
	7367
	1733
	48.1

	new BXD
	53
	7367
	4366
	82.4

	BXH
	16
	7458
	775
	48.4

	CXB
	13
	6698
	694
	53.4

	LXS
	77
	4803
	3598
	46.7

	SWXJ
	14
	2634
	560
	40.0

	Total
	267
	11609
	14601
	54.7


Old BXD is the first developed set of strains (Taylor 1978; Taylor et al. 1999) and new BXD is the set developed from advanced intercross populations (Peirce et al. 2004) 
Table 4. Repeat elements and sequence variables associated with recombination jungles and deserts  
	 
	Recombination deserts
	 
	Recombination jungles
	Ratio2
	 

	Sequence motif1
	mean
	SD
	 
	mean
	SD
	
	P-value

	CCTCCCT
	188.9
	43.9
	 
	350.7
	89.2
	1.9
	6.8X10-29

	CCCCACCCC
	31.9
	13.1
	 
	82.6
	37.7
	2.6
	2.2X10-20

	DNA
	18.3
	15.2
	 
	50.5
	18.2
	2.8
	1.2X10-23

	      URR1A
	3.2
	2.9
	 
	8.2
	4.6
	2.5
	1.4X10-13

	      URR1B
	3.2
	2.6
	 
	8.0
	4.1
	2.5
	2.1X10-15

	Simple_repeat
	324.7
	81.6
	 
	458.9
	89.1
	1.4
	1.1X10-17

	      (TA)n
	31.8
	14.3
	 
	20.7
	9.0
	0.7
	1.3X10-7

	      (CA)n
	41.5
	14.3
	 
	76.6
	23.6
	1.8
	1.4X10-21

	      (TG)n
	41.0
	13.6
	 
	76.5
	23.7
	1.9
	4.4X10-22

	LINE
	348.6
	93.9
	 
	221.9
	73.5
	0.6
	8.4X10-16

	      L1_MM
	84.4
	22.0
	 
	28.0
	18.9
	0.3
	2.8X10-35

	SINE
	268.7
	167.7
	 
	612.1
	339.1
	2.3
	2.9X10-13

	      B4A
	21.3
	17.0
	 
	56.3
	33.8
	2.6
	1.3X10-13

	Low_complexity
	167.9
	52.0
	 
	137.4
	26.9
	0.8
	2.4X10-5

	      AT_RICH
	126.6
	46.8
	 
	73.2
	27.7
	0.6
	1.9X10-13

	      CT-RICH
	11.2
	5.9
	 
	19.5
	7.5
	1.7
	2.0X10-12

	      GA-RICH
	11.9
	9.0
	 
	20.3
	6.2
	1.7
	8.9X10-10

	LTR
	216.7
	63.7
	 
	198.7
	52.6
	0.9
	6.0X10-2

	      MTD
	12.7
	6.4
	 
	23.3
	11.9
	1.8
	8.7X10-11

	%GC
	60.0
	4.1
	 
	55.3
	3.3
	0.9
	2.1X10-12

	CpG
	3.9
	2.9
	 
	8.5
	8.2
	2.2
	6.4X10-6


1Repeat classes are in bold followed by individual element within the class significantly associated with recombination deserts or jungles
2ratio of mean number in jungles to mean number in deserts 
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