IV-D- Recombination Spring, 2025
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Red blocks illustrate DNA segments introgressed from the wild species donor of the Tm-2 locus.
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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
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Alfred Sturtevant

“In the latter part of 1911, in conversation with MORGAN . . ., | 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. | went home and
spent most of the night (to the neglect of my undergraduate homework) in
producing the first chromosome map.”

Photo: Alfred Sturtevant,
http://www.nap.edu/readingroom/boo
ks/biomems/asturtevant.html

3-point test cross
Data from Hutchison, 1922
Parents: C/C sh/sh Wx/Wx X c/c Sh/Sh wx/wx F X tester; C/c sh/Sh Wx/wx X c/c sh/sh wx/wx

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

Figure 1. Nannas & Dawe, 2015
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Measuring the distance

Kernel Phenotype F, gamete genotype m

Purple, shrunken, starchy 2538
Purple, shrunken, waxy 601
Purple, full, waxy 116
Purple, full, starchy 4
colorless, full, waxy 2708
colorless, full, starchy 626
colorless, shrunken, starchy 113
colorless, shrunken, waxy 3
Total 6708

Kernel Phenotype F, gamete
genotype

Purple, shrunken, starchy 2538
colorless, full, waxy 2708
Purple, shrunken, waxy 601
colorless, full, starchy 626
Purple, full, waxy 116
colorless, shrunken, starchy 113
Purple, full, starchy 4
colorless, shrunken, waxy 2
Total 6708
C sh Wx

I 3.5cM : 18.4cM !

S R RS R A SR >

€reneresnenaennenaannaans s = b

Best estimate of true map distance
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Accounting for unseen DCOs
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Measured map distance

Best estimate of true map distance

Interference

Muller, 1916; McPeek and Speed, 1995
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2, 3, and 4-strand DCOs

A 2-plane model used for clarity (not to endorse the 2 plane model!)

: d Dbse ed
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DCO graphics from http://www.mun.ca/biology/desmid/brian/BIOL2250/Week_Five/CXORF .jpg
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Interference vs chromosome position
Sherman and Stack, 1995

400 1
300

2001

100 1

Number of Observations

LA S A B S A S A S A S
0-0.1 0.1-02 0203 0304 04-05 0506 0607 07-08 08-09 09-1.0

Separation Intervals

Xmata vs recombination maps
Sherman and Stack, 1995

Length based on Length based on Length based on

Chromosome xma classical map molecular map
1 124.0 161 131.5
2 104.0 74 et
3 105.0 111 126.1
4 94.5 89 124.6
5 83.5 55 97.4
6 86.5 113 101.9
7 88.5 71 91.1
8 84.0 67 96.9
9 79.0 62 111.0
10 83.0 132 90.1
11 83.0 97 88.0
12 795 31 93.1

Total 1094.5 1063 1275.9
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Nilsson et al., 1993

Genetic length (cM) estimated from

Chrom-

osome Chiasma Linkage data

o COUMS 934 1950 1976 1990 1990

classical molecular

1 187 102 156 161 176 238
2 163 58 128 155 155 229
3 150 92 121 128 167 194
4 148 80 111 143 137 174
5 148 44 72 87 107 235
6 110 52 64 68 78 169
7 123 50 96 112 112 131
8 123 20 28 28 42 173
9 110 52 71 138 140 132
10 98 68 57 99 95 115

Why are molecular maps longer than chiasma maps?

Estimated CO/meiosis

Species 2n
Xxma counts molecular maps
Brassica campestris 20 10.0-18.5 37.0
Brassica oleracea 18 12.8-14.8 222
Hordeum vulgare 14 13.5-15.6 227
Lactuca sativa 18 14.6-20.7 28.1
Lycopersicon esculentum 24 16.2-17.0 25.9
Oryza sativa 24 18.9-27.6 36.7
Pisum sativum 14 10.3-18.1 29.3
Solanum tuberosum 12/24 13.2-14.1 20.7

Zea mays 20 17.4-25.0 35.8
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CO’s assumed in mapping functions

Figure 2. Diplotene in male Meadow grasshopper,
Chorthippus parallelus

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

How common are DCOs in plants?

* ... i

Barley Mistletoe Maize- Anderson et al. 2003

Tanksley et al., 1989

Figure 4. Solanum lycopersicon x S. pennelli
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Sherman and Stack, 1995

e Counted xma in 5228 paired chromosomes of tomato

Terminalization

Darlington 1935 e ;

Localized Chiasmata ok Q/\’\@/—\C—J

PMC of Paeonia lutea, 2n = 10 with
distal chiasmata. John, 1990

Chiasmata Site: % Proximal Site
. Proximal Interstitial Distal

Trillium kamtschaticum
Clone 1 466 5 2 98
Clone 2 407 33 20 89

Allium fistulosum 2056 41 40 96
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Recombination is variable

PBGG 8890
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Data from Bridges, from the Drosophila sex chromosome
Order of genes =y - pr - w - rst - fc — centromere

ands: Map distance:
57 0.8

%CO / band

y — pr 0.014 * 3
pr—w 18 0.7 0.038
w - rst 2 0.2 0.100 :
rst — fc 2 13 0.650 ¥ %
Recombination hotspots
Yao et al., 2002
Proximal E(5) Distal
E(4 Machiavelli
Gnatl # 92kb
D Ozymaytdias QZ684
php10080 E(l) 3 AI-LC ,  1pq ol 5 x1 s L, s Sh2
_4 ! 1 | ! [] (6) B(l) (3) V/4 1 1 7w f-
: : ; P V1 yzas 4{13&4 HYx4488L ! ! ! ¢
1] ! QIDOI 1 1 IR G | %ﬂ.ﬁ | ] %«g ] i
phpl10080 | . alzrdt €70, W@ e— —» ! yzl ! L x1 L, ! i 1, sh2
m#um” 2! Ly 1 A Sl g P 7 Lo b Poveey
4 I 'ﬁ’ 1 TR v IT L B(2)I B(3) n 1 4 1
I
Wtervals | I ' Il | 1 [VVi VI VO, vl |, X , X ,XI,( X, XII | XIV
Size(kb) | 10 ' 17 | 18 || ;B3 1066, 34 | 35 , 62 ,~90, 55, ~66
Recomblodnts ' 17 , 2 00: _34 10, 2+38 , 1 ., _6 0.0, _1 .0
1 { Class 1 (R . Class 2 | i Class 6 Class 3 1 Class 4 ] Class5 |
| 1 1
cM/Mb | '69 . 077 .. 11 ., 82 0020 0.67 . ~0.0087 |
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Luo et al., 2019
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Chr.8 Chr.9 Chr. 10
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02
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cM/Mb for microspore
— cM/Mb for embryo sac

SK haplotype

M Zheng58 haplotype

* Female-preferred hot region
Male-preferred hot region

* Non-preferred hot region

Recombination can vary within a gene, with hotspot near ATG

Patterson et al., 1995
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Luoetal., 2019 50 -
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Model of CO locations

Lloyd, 2022 E Euchromatin Heterochromatin
High DSB formation Low DSB formation
r ! L . 1
Low DSB formation Low DSB formation
r A !
High DSB formation High DSB formation
\@ Nucleosome ' H3K4me3 ' H3K9me2 @ CHG / CHH methylation @ SPO11/MTOPVIB complex
: : !
Physical vs genetic maps _

A4 XNor
S Xpsri61

-Xpsr325
XPpdk XEm

%, [XLec XGlu

Xpsr330

Heslop-Harrison, 1991

Crossover sites can be altered

Jones, 1967

Secale dighoricum X S. turkestanicum
Chiasmata Parental )
Distribution: Observed Expected Observed Expected
Distal 546 192 199 134
Interstitial 30 192 132 134
Proximal 0 192 71 134
Total 576 402




IV-D- Recombination Spring, 2025 PBGG 8890 Handout Page D |16

Factors Affecting Recombination
Landmarks/Chromosome Structure

®

a. The centromere
Sherman and Stack, 1995

N a2 o

Number of RNs per 0.1 um SC Segment
s

o N &2 o ®

0 20 40 60 EO 100 120 140 160 180 200 220 240 260 280 300

0.1 um SC Segments

Location of COs in chromosome 1 of tomato

b. Heterochromatin

Euchromatin Heterochromatin
C-some "f':g;h "::'g;h lAa‘;fs';(l’i RNs / ym ":':‘:;“ a‘&‘:‘;‘l’i RNs / pm
1 30.0 225 2.44 0 75 0.04
2 21.3 17.1 2.05 0 42 0.03
3 23.1 16.0 2.07 0 7.1 0.03
4 20.8 13.7 1.87 0 7.1 0.02
5 16.2 9.5 1.63 0.168 6.7 0.04
6 18.5 12.9 1.69 0 5.6 0.04
7 18.5 1.6 1.75 0 6.9 0.02
8 18.5 1.9 1.66 0 6.6 0.02
9 16.2 10.0 1.58 0.160 6.2 0.004
10 16.2 10.0 1.64 0.160 6.2 0.02
1 16.2 9.7 1.63 0.16 6.5 0.03
12 14.0 8.2 1.54 0 5.8 0.05
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c. The NOR

? l :: ' Sherman and Stack, 1995 st

Ny

1 Number of RNs per 0.1 um SC Segment

I xa 2 xta 3 xta ‘:

6 +

COs in Eremurus spectabilis ‘1
Upcott, 1936 via John, 1990 Z '

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
0.1 um SC Segments

d. Telomeres 187 KR
Sherman and Stack, 1995: Bartonet 5.
al, 2008

Number of RNs per 0.1 um SC Segment

|
1 -

- 20 0 60 80 100 120 140 160 180 200 22%=240 260 280 300

0.1 um SC Segments
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e. Interchromosomal effects
Rhoades, 1958

[o] Gl Lg A normal 3L
o=l Lg__A Df3 3L
" Gross | Gi-lg | Lg—A
N3L / N3L 28.0 30.6 Marcus Rhoades
1903 - 1991
N3L / N3L* 29.0 28.2
N3L/D3L 3541 128
An indel during pairing
Qﬁ—c Sh Bz Wx normal 9S
IYg C Sh Bz Wx Tp 98
| Cross | Yg—Sh | Sh—Wx_
N9 / N9 21.0 17.0
Tp9 / N9 250 2.0

Tp9 / Tp9 29.0 18.0
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f. Chromosome length
Rees & Durant, 1986; Sherman & Stack, 1995; Anderson et al., 2003

ok Petunia
5 Table f bennt1990, DNA content (pg) of
- v CUTOMIZONN, : 2C DNA (pg) with means of:
A Species
30} L 1B 1.5xta 2xta 3xta
. Lathyrus clymenum 13.43 1.0 14 2.2
Ryegrass
20+ o L. cicero 14.64 1.3 1.8 2.8
o Lathyrus
° " L. sativus 16.78 2.1 2.7 3.8
wh o ™ § “ L. tinitanus 22.08 24 31 44
' X x . Lolium perenne 4.16 0.36 0.8 =
y I P i L. temulentum 6.23 051 12 -
0 5 10 15 20 25
DNA amount
Rees & Durrant, 1986
Total SC set length (um) - The following data are from tomato (Sherman and Stack, 1995):
Chromosome Mean Length CO/Chromosome  Unit Length per CO
0 1 30.0 248 12.10
5 2 21.3 2.08 10.24
5 .0 3 23.1 2.10 11.00
Q 15 4 20.8 1.89 11.00
o |
2 5 16.2 1.67 9.70
e 1.0
Y 6 18.5 1.73 10.69
° 05
7 18.5 1.77 10.45
0.0 i 3 185 168 11.01
0 5 10 15 20 25 30 35 40 45 50 55 9 16.2 158 10.25
Figure 5. Anderson et al, 2003 10 16.2 1.66 9.75
11 16.2 1.66 9.76
12 14.0 1.59 8.80
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g. Arm length
Sherman and Stack, 1995 20
%5 E 154
5 S
O 10
29
G o 05 Anderson et al., 2003
>z
< |
0.0 : ; ; ; ; ; j
0 5 10 15 20 25 30 35
Average SC arm length (um)
h. Knobs

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

sc . No. of MLH1 foci per um of
chromatin SCs No. MLH1 foci SC length
1 / loops
knob — obs Near Near

(crﬁ:?:::-un) @ knob nkuots o€ knob Inkiioh
5 89 139 7 4 0.042 0.039 0.026

RN 6 72 96 8 S 0.043 0.056 0.052

MLH1 (RN)
7 94 132 10 9 0.046 0.053 0.056

Knob180 Total 255 367 25 16
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i. MITEs
Gaut et al., 2007

LTR retrotransposon

number per Mb
Recombination
rate (cM Mb™)

MITE number per Mb
Recombination
rate (cM Mb™)

Distance (Mb)

bz stc1

J. Retrotransposons McC W@ } e
Dooner & He, 2008

1 2 3 4 5
Kb 0.81 0.82 1.22 1.37 1.54 5.8
COs 4 o 27 28 22 81/53,172
cM 0.015 o 0.10 0.10 0.08 0.30
Ds2(D1) 5
McC \VH o HI@ N v@ R ?:6777"“\
____:_4_2_21_2_3_r _____ ';'_9___3_9_I :|z 113315 4 11: 8 91610113 61M 3
AW W W W . ¢ WVW\./?ANWWVV\MW
.. e L
w22 | it ; : i
! : ! 1500 bp
1 2 3 4 5 ’
Kb 0.81 0.82 ' 1.22 1.37 ' 1.54 5.8
COs 17 o 48 32 61 158/ 52,740
cM 0.064 o 0.18 0.12 0.23 0.59
k. Gene density
Fengler et al., 2007
Maize Genic sequences  Genetic length Correlation between genes and
Chromosome (cM) recombination
1 3357 11379 0.9%
2 2619 7253 095
3 2478 829 090
4 2286 7502 083
5 2618 676.7 093
6 1721 5487 092
7 1757 6184 085
8 1970 6320 0.77
9 1608 6387 093
10 1432 5337 078

total/Ave 21,846 7090.0 0.87
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l. Alien introgressions
Liharska et al., 1996

& &
o > « *f a*"é
446‘ @V& .\egsp oé'f §§° <+
'] —vrc2160
20— [ e - —@— o1
ns | - cr2
W5—4— Mi
4w \ Aps-1 R
—REXI
604+ — ms33
66.1—1— d-2
731~ | - coa B e B —CEN6
a1—4=
7617 ms-16,ri
VAR
73 m-2 —& #’,z;l
:j 1< f;»;cﬂ ERREEN RN —TG232
AN
100.9 cl-2 | —mHD1
HL7—=— gib-l — L fol £X%W L. pennellii
Motelle  VENT Cherry Ontario Motelle 83M/R VFNT Cherry
Ontario  83M/R _J
)
tl -
t
1%rec.
GP79
REX1 REX1
yv - 'y
oo




IV-D- Recombination  Spring, 2025 PBGG 8890 Handout Page D |23

Effect of CO variability on linkage maps

1 2 3 4 5 6 7 8 9 10 1 12
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Sherman & Stack, 1995

Demarly, 1979
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Factors Affecting Recombination

Genetics
A. Gender - Heterochiasmy Xiria fre, Dist'n
John 1991 o s |l ol g
Fritillaria martagon 41.0 36.3
F. meleagris 37.8 2438
F. longiflorum 314 273
Allium nigrum 169 219 R* R
A. consanguineum 175 219 R R
A. cepa 179 224 R R
A. kachrooi 150 129 P* R
6
de Vicente & Tanksley, 1991 C[f'
. 16231 0 '-’n::'t 1620
JEE S
x 22.4 -t 1625
12.9
Te2s —— 625
l 210 3.t
s 16253 A e
X F1 X 1627 26.4
o e
v
Li et aI, 2019 cM/Mb for RILS
a Chr. 1 Chr.2 Chr.3 Chr.4 Chr. 5 Chr.6 Chr. 7 Chr. 8 Chr.9 Chr. 10
0 5 0 5 0 5 0 5 0 5 0o 5 0 5 0 5 o 5 0 5
07 mrtm e Py A L L NG S RV 3 PR
* I l:' I
50 § [ ®
§ 100 -
= :
2 150 A g ¥
_ * v
E A " 02
2 200 1 : B
o < — ¢M/Mb for RIL
d 2 cM/Mb for microspore
250 o — cM/Mb for embryo sac
02 cM/Mb for single gametophytes SK haplotype
300 I Zheng58 haplotype

* Female-preferred hot region
Male-preferred hot region
* Non-preferred hot region
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Heterochiasmy
Zickler & Kleckner, 1999; Koul & Nagel, 2002; Giraut et

al, 2011; Lloyd, 2022

Koul & Nagel, 2002;

Popa. 2011
DNA loops on bumblebee pachytene
chromosomes. Zickler & Kleckner,
1999
Sall & Nilsson, 1994
/
250
38
x&E
0 >

Figure 6. Comparison of CO in <~ (dotted) and <
(solid) meiosis of barley
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B. B chromosomes

PBGG 8890
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Tp9/Tp9 Yg-C C-Wx
John, 1990 +0B 28.8 17.7
+1B 12-13 37.0
+2B 12-13 404
+3B 12-13 42.0
Mean chiasmata/cell
Species: 0B 1B 2B 3B 4B 5B 6B 7B 8B 10B
Crepis capillaris 1408 390 465 468 533
Puschkinia libanotica 1907 1082 1170 1162 1380
Lolium perenne 11193 1121 1000
Festica mairei 11887 209 28 262 2800
Zeamays 111850 1950 1970 1980 2253 2380 1980
Secale cereale 11485 1343 1322 1329 1264 128 1320 1264 1303
-inbred
- wild 113.20 1512 1657 1778 1840
Listeria ovata- PMC 1269 289 282 303 291
-EMC 130.3 326 33 325 32.7
C. Genes
Robert, Farcy, & Cornu, 1991
rm1/rm1 Rm1/rm1 Rm1/Rm1
Hf1-Lg1 15.3% 26.9%
An2-Rt 0-0.5% 6% 26%
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D. Desynaptic mutants
Jietal., 1999

dyll dyl2 dyl3 dyl4 dy21 wi2l
(7480-3) (7478-6) (7474.25) (7477-12) (7466-14) (7469-18)
PC 79% PC 74% PC74% PC 95% PC 79% PC 95%
Ampl -— 10.8 -"“.""- e e ,_u"‘.. 187
21.9
83 I 9.3 8.7 |
Mdh4 T e e | T
2ag 14.4
240 ) 184 248
235 BRI 50
j EREET —3-9 ............... _u_‘. e,
Pgml ——-.... e o
36 el S8 e ”
Adhl —+—-.... S S = 102 129 7.0
68 L
Phil —1—-. 128
42"
Gdhl ——" "e 134
103
Total  4s.9 62.9 56.0 45.3 451 72.3
E. Species
Price etal., 1993
Distance (cM)
Interval
Tomato Pepper
CT268-TG273 230 57
TG197-TG168 b22 346
r45S - TG31 28 50
TG48 - CD30A 156 60
CT128A - CT166 289 203
TG366 - TG244 86.3 753
TG264 - TGhHT4 155 154
TG363- CDo4 183 232
TG623-TG379 490 00
TG232-T7G253 463 519
TG20-TG499 106 92
TG201 - TG4% 106 92
TGAT - TG400 64 137
TG618-TG2% 399 00

TOTAL: 412 282.0
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F. Zygosity
Robbins et al., 1995

Case I: homozygosity increases CO

Rees & Thompson, 1956

Case II: homozygosity decreases CO

INBRED Fi

Knox & Ellis, 2002

%
I
AN
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G. Genotype
Williams, Goodman, and Stuber, 1995
cM
- -4  Ampl
Serrano (T) | | 10
Tuxpeno (T) | 3 Mdndé
NC300 (T) | 5
Conico (T) | mmm
Costeno (T) |
Confite Puneno (T) | ‘
Tepecintle (T) | 19
Coroico (T) | i Peml
Cuban Flint (T) | | 6
Gourdseed (A) | 1
Longfellow (A) | |
B73 (A) | ! 19
Central Plateau teosinte (H) | 3 Phil
Z. diploperennis (H) | ‘ 1
Guatemala teosinte (H) J (s J Ganl
-0.6 0.6
13
Dia2
13
4 Acps

amp1 mdh4 pgm1 phi1 dia2 Total

MAP - - - - - cM
mdh4 pgm1 phil dia2 acp4 *x1000

Wendel (1989) 15.0 190 250 140 13.0 86.0
Composite 9.7 159 174 144 127 702
Composite US genotypes 12.4 193 150 93 105 66.5
B73 8.5 16.2 1.7 116 94 57.4
Gourdseed 6.9 175  19.2 111 123 669
Composite Exotic genotypes 118 191 176 157 129 772
NC300 121 174 189 147 150 781
Serrano 130 251 206 228 130 945
Tepecintle 11.0 179 126 209 123 747
Tuxpefio 125 | 212 | 216 | 80 | 151 | 783
Confite Punefio 167 230 187 71 115 769
Coénico 6.3 177 111 191 204 746
Coroico 15.4 13.2 156 199 1038 749
Costefio 104 240 222 150 9.0 80.6
Cuban Flint 8.8 13.9 170 178 123 69.6
Composite High 125 212 203 149 143 832
Composite maize x teosinte 438 6.3 186 127 135 56.0
Balsas teosinte 14.0 93 245 122 938 69.8
Zea diploperennis 0 3.9 11.8 | 15.2 | 18.1 49.0

Central Plateau teosinte 0 5.6 20.7 106 127 497
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|. Helicases FANC & Req4
Crismani et al., 2012

Serra et al, 2018

.04 06

Crossovers
.02

TEL 04 08 CEN

Wild type HEI10 recq4a recq4b HEI10 recq4a recq4b
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Wild type vs HEI10
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IV-D- Recombination Spring, 2025 PBGG 8890 Handout Page D |31

Mieulet et al., 2018

Average chromosome size (cM)

Arabidopsis wi versus recqg4 versus
Arabidopsis wild type versus fancm Tomato wild type versus recqd
Ci C2 €3 C4 C5 cit| lceplca] | ca 5] | ca | c7
| { | H |
~ HHHEH L R T I
b Rice wild type versus fancm Rice wild type versus recqg4d
c1 c4 C7 C10 C12 C1 c2 C3] C4| Cs5| Ce C7] Cs] C9] C10, C11 | C12
‘ I \
c
| Pea wild type versus recq4 versus
Pea wild type versus fancm
LG4 LGS a7

S —

LG1 LG2 LG3y LG4 LGS LG6 LG7

NN 77

50 cM
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Barakate et al, 2021

Distribution of total recombination (cM) in intervals of 2% (approx.) of physical chromosomes
180] *

160
140 /
120

100

cM

80

60

40
\
\
‘\
20 D

o W P

~ 2% Intervals

Populations == Control RTEL1

Capilla-Pérez et al, 2024
There are two types of crossovers
e Class|
o The most common
o Subject to interference
o Limited by dosage of
= HEI10
= Phosphatase X1

= Synaptonemal proteins ZYP1/SCEP1/SCEP2

= Class |l

* Limited by 3 protein complexes
+ TOP3/RECQ4AB/RMI1
« FANCM
*  FIGLL/FLIP

Wild type
| - L |
E | recq4ab figll o}
S o ol
S i 1
c » 4
=
m
]
0]
s
. A S IS A4 o AN D" ShAihA.40 Uyt B S AEEREhA AN
o s W s a0 s a0 ° s o I
Chromosome length (Mb) chrl chr2
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Full Hybrid Full Hybrid
Wild type recq4ab figll
12345 12345
L
er O
F1 S
4
0
¢ ‘é‘& figl1
[ ' ' | npenn i I| |
TR 2 | | 1y |
| 1 | || -
(UL L R
' . | ¢ |||.| |.|| ||||||
| |
| i !
T g T
045 -
ok Mean number of COs +/-SD per F2:
035 .
84 325 (g

50.5+ 11.8 (n=329)

Frequency of the population

2 6 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74 78 82 86

Number of COs per F2 plant

Factors Affecting Recombination
Environment

1. Age
Bridges, 1915
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2. Temperature

Dowrick, 1957

A 9% Total 9% Total
__°C Time interstitial xmata °C Time interstitial xmala
(h) Xmata (100 Xmata (300
Control PMC) PMC)
control -- 2.3 743 control -- 2.2 757
20 12 4.8 3 34 12 8.8 832
24 6.2 836 18 18.9 984
48 1.9 847 24 21.6 1006
12h, 34C 9 15.3 842 48 12.1 860
o o 192 18.7 883 96 0.7 431
control -- 2.0 707 control -- 2.3 743
27 12 7.4 757 39 18 16.8 841
24h, 34C 24 15.8 845 24 412 1152
c ° 48 17.4 849 27 294 961
144 17.3 851 30 19.3 787
48 0 72
8.5
. 8.0
Francis et al., 2007 ”
s
= 751
(3]
5
i 7.0 4
©
£
6.5
6.0 T T T T T
18 20 22 24 26 28 30

Temperature (C)
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3' Stress P1 Inbred line
Bennett & Rees, 1970 . i
__ High phosphate
4
E 23 l_b_l_l
p- | Low phosph
% Lovaszpatonai
.?é’ 4
Z 23 __-_H_I_l High phosph
4
3. al.
|-°er" .'L
| L T ) L 1 1 I L) ] L} L) L L)
10 1" 12 13 14 15 16
Chiasma frequency
Sinha & Helgason, 1969
H z 3
$ s 2 5 g i gz §~§ 3:30%2' ;1:‘:5 .
e Lethal xc (xantha) and an (albino)
o Actinomycin D
o Diepoxybutane
e Increased recombination distance to
4. Position on flower head
Francis et al., 2007

724

7.0 4
6.8 4

6.6 4

Map distance (cM)

6.4 4

6.0 4

58

T T T
0 1 2 3 4

Axis number
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A NOTE OF CAUTION
Barth et al, 2000

Manipulating Crossovers
Yanagira etal., 1992

Gene order: Wx — C—-S-5 on chromosome 6
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Esch et al., 2007 i Arstcopas Lo xC
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Boideau et al, 2024
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Engineering recombination hotspots

Kuo et al, 2021

« 5mC

20000

634,000 bp 636,000 bp 638,000 bp 640,000 bp
L : ! . L I ! ! i ! L

spott-t-oigos f 0 wdisha . sk s ol bl Lkt deb il i
Gasd™ TV VU WS ORTY TRCRITY PRSP W ¥ |
Nuclecsomes .“___

DNA

Cenes —- = = m— — m———
At3G02875 At3G02880 A At3G02885 A At3G02890
COs COs
Kouranov et al, 2022
~180 kb
gRNA1 gRNA2

1709 M 223.359.044 223.538.678 173.1cM

,'mc i3 45 678 910 11 121314 15 18 1920 2122232425 | 2627 28 29 303132 m34
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| M3 Mle M17 M33
\




IV-D- Recombination Spring, 2025 PBGG 8890 Handout Page D |39

Limitations

Taagen et al., 202

Random QTL DV QTL
12
9 et LAt Map types
A - ® A = O
6 i tol o e ™ T el slatbe 2 @ WT
3 WICCRAL sigees®e® ;
.g ki e’ Pericentromere
o 0O - @ Chromosome
g 12
O A . Myl 4 QTL effect ratio
A A
6 = ® ® . : = [ ] . 0 i
Tt aias, eugete® < @ Coupling (1)
S P e A Repulsion (4)
0 sce e 8

12 3 45678 91 1 2 3 4 56 7 8 910

Genomic selection cycle



