








Marker Ordering

How to put them in order?



Marker Ordering

Biological assumption– the true order of a set of linked 
loci has a minimum linkage distance

Ordering criteria
Minimum sum of adjacent recombination frequencies (SARF)

Minimum sum of adjacent distances (SAD)

Maximum sum of adjacent LOD scores (SALOD)

Maximum product of adjacent recombination frequencies (PARF)

…

Search algorithms
Exhaustive search algorithms

Approximation search algorithms



Exhaustive Search Algorithm

Marker ordering is travel-
salesman-problem (TSP)
Search for all possible 
solutions 
Find the global optimal 
solution
Time consuming: applicable 
for a small number of linked 
loci

Total n!/2 solutions !



Approximation Search Algorithms

Some search algorithms
Simulated annealing (Thompson, 1984)

Branch and bound (Lathrop et al., 1985)

Stepwise likelihood (Lathrop et al., 1984)

Seriation (Buetow and Chakravarti, 1987)

Neighbor mapping (Ellis, 1997)

Unidirectional growth (Tan and Fu, 2006)

…

Hill-climbing algorithms with possible local optimal  
solutions

Time-saving: applicable to a large number of linked loci



Seriation Algorithm

Starts: find the smallest recombination frequency rij among 
n loci a1,a2,…,an. 

Remaining n-2 loci: chose ak from the unmapped loci with 
the smallest recombination frequency either rki or rjk. If rki

< rjk, add ak to the left end o.w. add to the right end. 
Continue this process until all loci added on the map. 

1 2 3 4 5 6

2 r12

3 r13 r23

4 r14 r24 r34

5 r15 r25 r35 r45

6 r16 r26 r36 r46 r56

7 r17 r27 r37 r47 r57 r67

3 5

3 5 6

3 5 61

3 5 61 72 4
…



Neighbor Mapping Algorithm

Calculate a matrix with all two-point 
distances or recombination 
frequencies

Calculate the sum of all branch 
lengths

Calculate the sum of all branch 
lengths where i and j are assumed to 
be adjacent

Get  a corresponding matrix

Sort Si,j



(Ellis, 1997)



Unidirectional Growth Algorithm

It takes the idea of the neighbor mapping 
algorithm less computational load

Higher mapping power than the NM 
algorithm



Features of the Approximation Algorithms

Only one optimal solution is reached (local 
or global?)

If a distance matrix is monotonic all three 
algorithms reach the same global optimal 
solution

If a distance matrix is not monotonic 
multiple local optimal solutions can be 
reached



Research Objectives

A desirable search algorithm should avoid 
Exhaustive search

Local optimal solutions

Objectives of this study are to
Develop an new algorithm with high speed and power

Evaluate the mapping power by simulated genetic data under 
various conditions



Advantages of the SI Algorithm

Less computational load
Heuristic easy to reach an optimal solution

Mapping accuracy
Randomization easy to reach multiple local solutions, thus a 
global optimal solution



Simulation Scenarios

Mapping population
F2 population derived from two inbred lines
Co-dominant markers (10,20,50)
Population sizes (50, 100, 150, 200, 250, 300)
Missing rates (0, 10%)
Cross interference (yes, no) 

Four linkage algorithms
Seriation (SER) (Buetow and Chakravarti, 1987)
Neighbor mapping (NM)(Ellis, 1997)
Unidirectional growth (UG) (Tan and Fu, 2006)
Stochastic insertion (SI)



Simulation Scenarios

Algorithm to calculate recombination frequency
EM algorithm (Liu 1998)

Mapping criteria
Minimum SARF

Percent correct order (PCO)

Simulation times
500



Simulation Results

By population size

By loci number

By missing rate

By cross-over interference



Population Size
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Loci Number
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Missing Marker Rate
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Crossover Interference
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Application

Barley chromosome I with 26 loci (Liu et al., 1998)

Four methods were applied
Liu (BB & SA)

SER 

UG 

SI



Real Example
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Real Example
Liu U G SER SI

Ord er D ist Ord er Dist O rd er D ist  O rder D ist
† 1 0 .0 0 1 0.00 1 0.00  1 0.00

2 12 .6 5 2 1 2.65 2 1 2.65  2 1 2.65
3 4 .8 0 3 4.80 3 4.80  3 4.80
4 15 .5 2 4 1 5.52 5 1 6.47  5 1 6.47
5 3 .9 4 5 3.94 4 3.94  4 3.94
6 11 .5 5 7 1 3.03 7 1 1.61  7 1 1.61
7 0 .7 6 6 0.76 6 0.76  6 0.76
8 8 .6 8 9 5.05 8 7.67  9 5.05
9 0 .7 7 8 0.77 9 0.77  8 0.77

1 0 1 .5 2 1 0 2.11 10 1.52  10 2.11
1 1 2 .9 3 1 1 2.93 11 2.93  11 2.93
1 2 2 .2 5 1 2 2.25 12 2.25  12 2.25
1 3 5 .2 2 1 4 2.27 14 2.27  13 5.22
1 4 4 .5 1 1 3 4.51 15 3.10  14 4.51
1 5 3 .1 0 1 5 7.89 16 8.42  15 3.10
1 6 8 .4 2 1 6 8.42 17 1 3.29  16 8.42
1 7 13 .2 9 1 7 1 3.29 18 6.99  17 1 3.29
1 8 6 .9 9 1 8 6.99 19 2 1.89  18 6.99
1 9 21 .8 9 1 9 2 1.89 20 3.54  19 2 1.89
2 0 3 .5 4 2 0 3.54 21 2.21  20 3.54
2 1 2 .2 1 2 1 2.21 22 0.00  21 2.21
2 2 0 .0 0 2 2 0.00 24 0.73  22 0.00
2 3 2 .1 7 2 3 2.17 23 1.48  23 2.17
2 4 1 .4 8 2 4 1.48 25 8.34  24 1.48
2 5 3 .7 0 2 5 3.70 26 8.21  25 3.70
2 6 8 .2 1 2 6 8.21 13 7 9.68  26 8.21

‡ 1 50 .1 1 15 0.38 22 5.52   14 8.08
 
†: Marker codes for 1~26 were described on page 288 (Liu, 1998).
‡: The values in the bottom line represent the genetic distance obtained by 
Haldane’s function.



Conclusions

The SI algorithm performed the best among the four 
algorithms

Stability

Power

The seriation was the second best

The NM algorithm was the poorest



Discussion

Practical validation of linkage order
Bootstrapping—by individuals

Jackknifing—by loci or individuals

The shortest distance = the best solution ? 
Genotyping error

Missing rate

Cross-over interference

Dominant marker

Applicable to the TSP?



Comments?




