
Releasing Natural Variation in Bread 
Wheat by Modulating Meiotic Crossovers

James Higgins
(WGIN trait coordinator for Recombination)



• Genetic crossing over occurs during meiosis

• There is a skewed bias of crossovers (COs) towards 
the ends of chromosomes in wheat

• Creates linkage-drag so that separation of beneficial 
traits with detrimental traits is difficult

• We have put together a team with expertise in wheat 
genomics and meiotic recombination to modulate the 
frequency and distribution of COs

Background



Meiosis is required to halve the number of 
chromosomes during sexual reproduction 

1st/2nd division

Prophase I

leptotene zygotene pachytene diplotene diakinesis

metaphase I      anaphase I       telophase I       dyad         metaphase II    anaphase II      tetrad

4 haploid
cells



Meiosis is characterised by 
homologous recombination

• Chiasmata are physical sites 
of genetic COs

• Ensure accurate chromosome 
segregation

• Promotes genetic variation 
between generations



CO distribution is highly skewed on 
wheat Chr.3B

CO rate

• All COs occurred in ~13% of the chromosome

• No significant correlation was observed between recombination 
rate and gene content, coding DNA, or TE content

Gene 
content

Choulet et al. (2014) Science; 345:1249721



CO distribution is highly skewed in 
wheat chromosomes

Meiotic metaphase I

• 21 pairs of homologous 
chromosomes A

B
a

b



How is crossover 
formation controlled?



Meiotic recombination in Arabidopsis
Structural proteins 
ASY1
REC8
ASY3
ZYP1

Chromatin
γH2A.X
H2A.Z
H3K4me3?
MET1

Cell cycle
RBR
CDKA
CDKG
SDS1

CO regulators
PCH2
FIDG1
MPSS1

~215 DSBs

~205~10

Early recombination
SPO11-1/2

PRD3
NBS1

RAD50
MRE11

ATM/ATR
DMC1

RAD51

Late recombination
MSH4
MSH5

FANCM
MUS81

RECQ4A/B
MER3 (RCK)

SHOC1
PTD

RPA1a
HEI10
MLH3
MLH1

~215

~10 ~205



The Arabidopsis synaptonemal complex
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Crossover control 
in barley



~14 ZYP1 initiation sites (expect ~150bp gene conversion) 
~1-3 crossovers per homolog pair

homologous 
recombinational
repair

Homologous recombination underpins 
genetic exchange

~ 66 DSBs/4 sister chromatids



Altering CO distribution with ZYP1 RNA 
interference

5S
45S

5S
45S

Control               ZYP1 RNAi

~10%

(Barakate et al. 2014, The Plant Cell)



Timing of the meiotic program is 
critical for CO formation in barley 



Elevated temperatures alter CO distribution

A

B

a

b

Barley metaphase I

22oC

• increases speed of heterochromatic DNA replication 
• meiotic events more synchronous

30oC

B

A a

b

Barley metaphase I



Altering CO distribution in barley

B

A a

b

Gene x C c

(Higgins and Barakate, unpublished)



How can we use this 
knowledge to modulate CO 

formation in wheat?



The wheat LoLa recombination team
Lead PI: Keith Edwards (Bristol)
Co-PI: James Higgins (Leicester)
Co-PI: Chris Franklin & Eugenio Sanchez-Moran (Birmingham)
Co-PI: Ian Henderson (Cambridge)
Co-PI: Cristobal Uauy (JIC)

• Work Package 1: Factors influencing the distal bias of COs in bread 
wheat (Lead CF; participants UoBi, UoL, UoC)

• Work Package 2:  Manipulation of CO distribution and frequency (Lead 
JH; Participants UoL, UoBi, UoBr, JIC, KWS, RAGT)

• Work Package 3: A synthetic biology approach to target recombination 
in wheat (Lead IH; participants UoC, UoL, UoBi, UoBr, JIC)

• Work Package 4: Application (Lead CU; participants JIC, UoBr, UoL, 
UoBi, UoC, KWS, RAGT)

• Work Package 5: Programme management, dissemination and training 
(Lead KE; participants JIC, UoBr, UoL, UoBi, UoC, KWS, RAGT)



Work package 2
Aims:

• To increase COs in wheat ‘cold’ chromosomal regions for 
application in WP4

• Verify CO modulation using state-of-the-art cytological and 
molecular techniques

• To understand the mechanism behind modulated COs

Target genes: 

• DNA repair 

• Chromatin modifiers

• CO modulators

Approaches: 

• Target Induced Local Lesion (TILLing) 

• CRISPR/Cas

• Virus induced gene silencing (VIGS)

• Heat stress



Progress: Generating material

TILLing lines

Kronos (tetraploid): fixing material for double knockouts of 
homologous genes

VIGS
• Testing constructs in collaboration with Kostya Kanyuka 

(RRES) 



CRISPR/Cas
Keith Edwards (Bristol), Caroline Sparks & Alison Huttly (RRES)

Wheat optimised Cas9                    P2A           GFP

• Successful transient assays in protoplasts and immature embryos

• 4/28 transgenic plants showed evidence of gene editing

1. All three copies of Spo11 (including one plant which appears to 
carry edits in all three copies)

2. Two copies of Fancm (A and B genome)
3. The 3B copy of Ga20 oxidase

• All plants where fertile and all set seed 

• The ability to mix large numbers of guide RNAs will reduce the cost 
of generating edited lines for a range of genes 



Summary

• In wheat COs are limited in number and 
distribution

• Transfer knowledge and tools from 
Arabidopsis and barley to wheat

• Multi-pronged approach with leading UK 
expertise to alter COs

• Unlock genetic diversity in wheat
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