
Introduction 
A well constructed linkage map that places genetic markers in position relative to one another 
is critical in quantitative trait locus (QTL) analysis in many plant and animal species. Relating 
DNA markers to genetically inherited traits improves the efficiency of agronomic crop 
research by permitting marker assisted breeding approaches to be used to select plants with 
desirable traits, such as improved disease resistance and increased yield.  A linkage map is 
constructed using DNA marker genotypes for samples from an experimental population of 
known pedigree. Markers are assigned to linkage groups based on how closely they are 
linked, as measured by their recombination rates.  The optimal order of markers within groups 
is determined to calculate the shortest genetic distance map. New features in JMP Genomics 
5.1 compute linkage groups and determine an optimally ordered marker map using  
optimization routines in PROC OPTMODEL from SAS/OR.  We highlight these new features 
in the analysis of DNA markers from oat plants derived from recombinant inbred lines as part 
of ongoing research by the Collaborative Oat Research Enterprise (CORE).  

Methods 
 

Recombination and Linkage Groups Via Hierarchical Clustering 
Single Nucleotide Polymorphisms (SNPs) are specific locations in the genome where the 
DNA code varies. Given parental lines with different sequences (alleles) at these locations, 
we can observe the tendency for the parental alleles to be inherited together in the offspring 
by calculating the recombination rate based on the experimental cross.  This rate is 
computed for all pairs of markers and is clustered using distance-based hierarchical 
clustering to determine which markers belong on the same chromosome.  
 

Marker Order Optimization 
Marker order optimization within linkage groups is analogous to the famous Traveling Salesman 
Problem (TSP) that tries to find the shortest path to traverse among objects based on their 
distances.  Advanced optimization algorithms in the OPTMODEL procedure in SAS/OR use 
undirected weighted graph theory to optimally place markers in order based on their genetic 
distances. Each marker is treated as a vertex in a graph, with edges between vertices 
corresponding to genetic distance.  The algorithm quickly finds the optimal path of markers to 
produce the shortest genetic distance map possible.   Figure 2 shows the optimal computed 
genetic distance map and recombination plot for markers belonging to an anchored 
chromosome linkage group for the experimental oat population.   

Results 
 

The Collaborative Oat Research Enterprise (CORE) developed and generated data from several 
experimental populations for oat in an international effort to develop and implement marker assisted 
breeding strategies to further improve the oat crop and its human health benefits.  The extensive 
work of the CORE has led to the generation of a consensus linkage map (a harmonious map across 
all the experimental populations) containing markers that have been anchored to physical locations 
on chromosomes across the oat genome (Oliver et al. 1).  Figure 3 shows an optimal genetic linkage 
map within the anchored consensus chromosomes for one of the experimental oat populations 
constructed using the new methods for linkage mapping and marker order optimization in JMP 
Genomics 5.1. 

 

Discussion 
• New features for generating genetic linkage maps in JMP Genomics 5.1 can be used to improve 

agronomic research and breeding strategies to produce future crops that improve human health. 

• Interactive and graphically driven processes compute recombination frequencies and segregation 
ratios for markers from an experimental breeding population. 

• Advanced optimization algorithms from SAS/OR quickly produce optimal genetic linkage maps. 

• Graphical tools in JMP Genomics can produce high quality linkage map views (Figures 2, 3, and 4) 

• These tools (in conjunction with other software mapping tools) have been successfully applied in an 
effort to improve oat agronomic research by the Collaborative Oat Research Enterprise. 
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Figure 1. Heatmap and hierarchical clustering of the recombination 
matrix and dot plot of segregation for an Oat mapping population. 

Figure 2. Genetic map and pairwise recombination for the optimal marker order determined by PROC OPTMODEL. 

Figure 3. Genetic linkage map for an experimental Oat population with optimized marker position in a 
chromosomally anchored consensus map. Anchored markers are represented by “x”. 

Figure 1 shows the results of 
clustering the recombination matrix 
calculated from SNPs from an 
experimental oat population. The red 
and yellow coloring along the 
diagonal represent markers with very 
low recombination rates, indicating 
that these markers are in linkage and 
therefore should be grouped in the 
same linkage group or chromosome.  
The dot plot on the left of Figure 1 
represents marker segregation rates 
(percentage of alleles inherited from 
each parent).  Once linkage group 
membership has been interactively 
determined in JMP, markers within 
groups need to be placed in the 
optimal order based on their genetic 
distances from each other. 

Figure 4. A portion of the Oat D genome linkage map for an experimental population generated with JMP Genomics. 
Marker color represents consensus map marker position. 
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