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Breeding and linkage 
 

 

 

 
The need to break linkages 
Young and Tanksley, 1989 

 

 

 

 

 

 

Red blocks illustrate DNA segments introgressed from the wild species donor of the Tm-2 locus.  
Lots of linkage drag is present.   
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Significance of CO and its manipulation 
Wijnker & de Jong, 2008 

 

 

 

 

 

 

 

 

 

Increased recombination 
Tourette et al, 2019 
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Targeted recombination 
Ru & Bernardo, 2019  

 

 

 

 

 

 

 

 

RG(x1) =  

RG(x2) = 

 

 

Recombination & genetic maps 
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Alfred Sturtevant 
 “In the latter part of 1911, in conversation with MORGAN . . ., I suddenly realized 
that the variations in strength of linkage, already attributed by MORGAN to 
differences in the spatial separation of the genes, offered the possibility of 
determining sequences in the linear dimension of a chromosome.  I went home and 
spent most of the night (to the neglect of my undergraduate homework) in 
producing the first chromosome map.” 

 

 

 

 

 

3-point test cross 
Data from Hutchison, 1922 

 

 

 
 

 

 

 

Parents: C/C sh/sh Wx/Wx    c/c Sh/Sh wx/wx 
               (purple; shrunken; starchy)     (colorless; full; waxy) 

F
1
 x tester: C/c sh/Sh Wx/wx   c/c sh/sh wx/wx 

    (purple; full; starchy)      (colorless; shrunken; waxy) 

Figure 1. Nannas & Dawe, 2015 

Photo: Alfred Sturtevant, 
http://www.nap.edu/readingroom/boo
ks/biomems/asturtevant.html 
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Measuring the distance 
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Accounting for unseen DCOs 

 

 

 

 

 

 

 

Interference 

Muller, 1916; McPeek and Speed, 1995 
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2, 3, and 4-strand DCOs 
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Interference vs chromosome position 
Sherman and Stack, 1995  

 

 

 

 

 

 

 

Xmata vs recombination maps 
Sherman and Stack, 1995  
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Nilsson et al., 1993 

 

 

 

 

 

 

 

 

 

Why are molecular maps longer than chiasma maps? 
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CO’s assumed in mapping functions 

  

Figure 3. Crossovers in yeast, as determined by allele detection on a DNA chip 

How common are DCOs in plants? 

 

 

 

 

 

 

 

 

 

 

Figure 2. Diplotene in male Meadow grasshopper, 
Chorthippus parallelus 

Tanksley et al., 1989 
Figure 4. Solanum lycopersicon x S. pennelli 
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Sherman and Stack, 1995  

 Counted xma in 5228 paired chromosomes of tomato 

 

 

 

 

 

 

Terminalization 

Darlington 1935 

 

 

 

 

Localized Chiasmata
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Recombination is variable 

Data from Bridges, from the Drosophila sex chromosome 
Order of genes = y - pr - w - rst - fc – centromere 

 

 

 
 
Recombination hotspots 
Yao et al., 2002 
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 Luo et al., 2019  

 

 

 

 

 

 

 

 

 

Recombination can vary within a gene, with hotspot near ATG 
Patterson et al., 1995 
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Luo et al., 2019  

 

 

 

 

 

 

 

 

 

Preferred recombination spots 
Wijnker et al., 2023 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Nucleosome exclusion sites are defined as (A)10 and ((GC)3NN)3  
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Model of CO locations 
Lloyd, 2022 
 
 
 
 
 
 
 
 
 
 
 
Physical vs genetic maps 

 

 

 

 

 

 

Crossover sites can be altered 
Jones, 1967 

Secale dighoricum x S. turkestanicum 

  

 

Heslop-Harrison, 1991 
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Factors Affecting Recombination 
Landmarks/Chromosome Structure 

a. The centromere 
Sherman and Stack, 1995  

 

 

 

 

b. Heterochromatin 

 

 

 

 

 

 

 

 

 

 

 

Location of COs in chromosome 1 of tomato 
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c. The NOR 

 

 

d. Telomeres 
Sherman and Stack, 1995; Barton et 
al, 2008  
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e. Interchromosomal effects 
Rhoades, 1958 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Marcus Rhoades 
1903 - 1991 

An indel during pairing 



IV-D- Recombination    Spring, 2025                    PBGG 8890                     H a n d o u t  P a g e  D  | 19 

f. Chromosome length 
Rees & Durant, 1986; Sherman & Stack, 1995; Anderson et al., 2003 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Anderson et al, 2003 

Rees & Durrant, 1986 
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g. Arm length 
Sherman and Stack, 1995  

 

 

 

 

 

 

 

 

h. Knobs 

Naranjo and Lacadena, 1980; Stack et al., 2017 

 

 

 

 

 

 

 

 

 

Anderson et al., 2003 
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i. MITEs  
Gaut et al., 2007 

 

 

 

 

 

j. Retrotransposons 
 Dooner & He, 2008 

 

 

 

 

 

 

 

k. Gene density 
Fengler et al., 2007 
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l. Alien introgressions 
Liharska et al., 1996 
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Effect of CO variability on linkage maps 

 

 

 
Demarly, 1979 
 
 
 
 
 
 
 

Sherman & Stack, 1995 
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Factors Affecting Recombination 
Genetics 

A. Gender - Heterochiasmy  
John 1991 

 

 

 

 

 

 

 

de Vicente & Tanksley, 1991 

 

 

 

 

 

 

Li et al, 2019 
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Heterochiasmy 
Zickler & Kleckner, 1999; Koul & Nagel, 2002; Giraut et 
al, 2011; Lloyd, 2022 
 

 

 

 

 

 

 

Koul & Nagel, 2002; 

 

 

 

 

 

 

Säll & Nilsson, 1994 

 

 

 

 

 

 

DNA loops on bumblebee pachytene 
chromosomes.  Zickler & Kleckner, 
1999 

Popa. 2011 

Figure 6. Comparison of CO in ♂ (dotted) and ♀ 
(solid) meiosis of barley 

DNA loops on bumblebee pachytene 
chromosomes.  Zickler & Kleckner, 
1999 
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B.  B chromosomes 

John, 1990 

 

 

 

 

 

 

C. Genes 
Robert, Farcy, & Cornu, 1991 
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D. Desynaptic mutants 
Ji et al., 1999 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
E. Species 
Price et al., 1993 
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F. Zygosity 
Robbins et al., 1995 

Case I: homozygosity increases CO 

 

 

 

 

 

 

 

 

 

Rees & Thompson, 1956 

Case II: homozygosity decreases CO 

 

 

 

 

 

Knox & Ellis, 2002 

 

 

 

 

 

Figure 7. Chiasmata/cell in rye 
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G. Genotype 
Williams, Goodman, and Stuber, 1995  
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I. Helicases FANC & Req4 
Crismani et al., 2012 

 

 

 

 

 

 

 

 

 

 

 

Serra et al, 2018 
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Mieulet et al., 2018 
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Barakate et al, 2021 

 
 
 
 
 
 
 
 
 
 
Capilla-Pérez et al, 2024 
There are two types of crossovers 

 Class I 
o The most common 
o Subject to interference 
o Limited by dosage of 

 HEI10 
 Phosphatase X1 
 Synaptonemal proteins ZYP1/SCEP1/SCEP2 

 
 Class II 

• Limited by 3 protein complexes 
• TOP3/RECQ4AB/RMI1 
• FANCM 
• FIGL1/FLIP 
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Factors Affecting Recombination 
Environment 

1. Age 
Bridges, 1915 
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2. Temperature 

Dowrick, 1957 

 

 

 

 

 

 

Francis et al., 2007 
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3.  Stress 
Bennett & Rees, 1970 

 

 

 

 

 

 

 

 

 

Sinha & Helgason, 1969 

 

 
 Lethal xc (xantha) and an (albino) 

o Actinomycin D 
o Diepoxybutane 

 Increased recombination distance to 

4. Position on flower head 
Francis et al., 2007  
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A NOTE OF CAUTION 
Barth et al, 2000 

 

 

 

Manipulating Crossovers 

Yanagira et al., 1992 

Gene order: Wx – C – S-5 on chromosome 6 
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Esch et al., 2007  

 

 

 

 

 

 

 

 

Boideau et al, 2024 

Allotriploidy 

 

 

 

 

 

 

 

 

 
 Gray box = heterozygous 

area 
 X axis = chromosome 
 Black = centromere 
 Dark gray = pericentric 

heterochromatin 
 Vertical bars = genetic 

markers  

 

AAC 

 
 

AAC 

 

 

AAC 

 
 

AACC 

 
 

AACC 
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Engineering recombination hotspots 

Kuo et al, 2021  

 

 

 

 

 

 

 

 

 

 

 

 

Kouranov et al, 2022 
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Limitations 

Taagen et al., 202 

 


