
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Changing local recombination patterns in Arabidopsis by CRISPR/Cas mediated
chromosome engineering

Schmidt, C.; Fransz, P.; Rönspies, M.; Dreissig, S.; Fuchs, J.; Heckmann, S.; Houben, A.;
Puchta, H.
DOI
10.1038/s41467-020-18277-z
Publication date
2020
Document Version
Final published version
Published in
Nature Communications
License
CC BY

Link to publication

Citation for published version (APA):
Schmidt, C., Fransz, P., Rönspies, M., Dreissig, S., Fuchs, J., Heckmann, S., Houben, A., &
Puchta, H. (2020). Changing local recombination patterns in Arabidopsis by CRISPR/Cas
mediated chromosome engineering. Nature Communications, 11, [4418].
https://doi.org/10.1038/s41467-020-18277-z

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:10 Mar 2023

https://doi.org/10.1038/s41467-020-18277-z
https://dare.uva.nl/personal/pure/en/publications/changing-local-recombination-patterns-in-arabidopsis-by-crisprcas-mediated-chromosome-engineering(4ff429f1-3171-4902-af40-982bb30b4b8b).html
https://doi.org/10.1038/s41467-020-18277-z


ARTICLE

Changing local recombination patterns in
Arabidopsis by CRISPR/Cas mediated
chromosome engineering
Carla Schmidt1, Paul Fransz 2, Michelle Rönspies 1, Steven Dreissig3, Jörg Fuchs4, Stefan Heckmann 4,

Andreas Houben 4 & Holger Puchta 1✉

Chromosomal inversions are recurrent rearrangements that occur between different plant

isolates or cultivars. Such inversions may underlie reproductive isolation in evolution and

represent a major obstacle for classical breeding as no crossovers can be observed between

inverted sequences on homologous chromosomes. The heterochromatic knob (hk4S) on

chromosome 4 is the most well-known inversion of Arabidopsis. If a knob carrying accession

such as Col-0 is crossed with a knob-less accession such as Ler-1, crossovers cannot be

recovered within the inverted region. Our work shows that by egg-cell specific expression of

the Cas9 nuclease from Staphylococcus aureus, a targeted reversal of the 1.1 Mb long hk4S-

inversion can be achieved. By crossing Col-0 harbouring the rearranged chromosome 4 with

Ler-1, meiotic crossovers can be restored into a region with previously no detectable genetic

exchange. The strategy of somatic chromosome engineering for breaking genetic linkage has

huge potential for application in plant breeding.
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The variability of genetic information in every organism
serves as a basis for the broad biodiversity within our
ecosystem. Besides simple mutations leading to alterations

of one or more bases, changes of chromosome structure can be
repeatedly observed during the evolution of different species1–4.
In particular, a change in the orientation of chromosome seg-
ments, such as inversions, is associated with speciation, adaption,
and genome evolution5–8. It was shown for plants that quanti-
tative trait loci (QTLs) can be located in inverted regions9–11,
which can cause serious problems if certain genes should be
transferred between different cultivars by crossing12,13. By the use
of adaptable site-specific nucleases, it is possible to modify the
structure of plant chromosomes in a targeted manner14–16. Thus,
very recently we could demonstrate that arms can be exchanged
between heterologous chromosomes in Arabidopsis in reciprocal
manner17. Moreover, we were able to show that by the use of the
CRISPR/Cas system, in principle, it is possible to invert chro-
mosomal sequences within the kb range in Arabidopsis by the
specific induction of two DSBs using egg cell specific expression18

of the Staphylococcus aureus (SaCas9)19 nuclease20. However, to
restore recombination in naturally rearranged areas of the chro-
mosome, heritable inversions within the Mb range are required.

Upon comparison of the genomic sequences of the two Ara-
bidopsis ecotypes Columbia (Col-0) and Landsberg errecta (Ler-
1), a number of inversions can be detected21. The best known of
these is the hk4S inversion, which has a size of 1.17Mb that led to
a shift of a pericentromeric, heterochromatic knob region into the
middle of the short arm of chromosome 4. Whereas chromosome
4 in Ler-1 represents the evolutionary older conformation, the
corresponding chromosome 4 of Col-0 carries the hk4S inversion.
The heterochromatic knob of Col-0 has been characterized in
detail by cytological and sequence-based analyses22,23. The exact
localization of the two inversion junctions was recently elucidated
and a model for the formation of this inversion due to the activity
of a vandal-transposable element (TE) type, was suggested24. The
inversion occurred ~5000 years ago and the resulting progeny
was distributed widely. Thus, like Col-0, 170 accessions of Ara-
bidopsis in Europe and North America carry the hk4S inversion,
whereas other cultivars besides Ler-1 do not. Col-0 and Ler-1 are
the two cultivars most widely used in genetic studies for mapping
due to the presence of multiple SNPs between them. In the
context of recombination analyses of F1-hybrids of the two cul-
tivars, it was demonstrated that no crossovers (COs) were
observed within the entire inverted chromosome region25,26.
Here, we describe our process of reverting the hk4S inversion in
Col-0 to enable COs to be recovered between the cultivars in the
respective region using the highly efficient Cas9 nuclease from
Staphylococcus aureus.

Results
Identification of suitable protospacer sequences. As a first step,
we used the available sequence information24 to identify sui-
table protospacer sequences located closely to both original
inversion junctions. Furthermore, we ensured that the chosen
protospacers (named proximal (p) and distal (d) protospacer
(PS), according to their orientation to the centromere) were
located in intergenic regions in order to avoid disturbance of
surrounding genes (Fig. 1a). Both protospacers used were
placed in the kb range close to the original hk4S d junctions (for
spacer sequences see Supplementary Table 1). These proto-
spacers were cloned into the pDe-Sa-Cas9 vector with Sa-Cas9
under the control of the egg cell-specific EC1.1/EC1.2-pro-
motor18. The vector construct is depicted in Supplementary
Fig. 1 and it was finally transformed into A. thaliana Col-0 wild
type plants via floral-dip.

Identification of plants harbouring the inversion. Transgenic
T1 seeds were selected and grown until seed set and we obtained
seeds from 38 primary transformants. From these, 40 individual
T2 plants were grown for each individual T1 line for 2 weeks on
GM medium without selection. Leaf material from each of the 40
T2 siblings was pooled and DNA of these bulk samples, each
representing the progeny of an individual T1 line, was extracted.
The detection of a chromosome inversion within the respective
pools was carried out with the help of junction-specific primer
combinations (Fig. 1b). The results of PCR-based genotyping are
shown in Table 1. In ten of the 38 analyzed pools, specific bands
for both newly formed junctions of the inversion could be
detected. Out of this, five pools were analyzed further by taking
leaf material from the 40 individual plants and isolating DNA. In
all five pools, plants with a heritable inversion event could be
detected. For three T1 lines (#7, 15, 27) one plant each carrying
the inversion, and for another T1 line (#26) three independent
plants with an inversion could be isolated. As in the case of line
#20, most plants (34 of 40) were positively tested for the inversion
and we speculated that the inversion occurred in the egg cell
during transformation. This would result in a T1 plant hetero-
zygous for the induced inversion with progeny that is segregating
in the T2 generation. Indeed, screening simultaneously more than
200 T2 seedlings for the original, as well as the new junctions,
revealed proper Mendelian segregation (Supplementary Table 3)
confirming our hypothesis. This enabled us to isolate a large
number of plants in the T2 that contained the induced inversion
in a homozygous state. In addition, T2 plants representing
independent inversion events (out of T1-lines #7, 15, 26 (12), 26
(19), 27, only #26 (15) could not be examined because the plant
died before seed set in the greenhouse) were further propagated
and tested for segregation of the inversion (see Supplementary
Table 4). Each of the five tested lines showed proper Mendelian
segregation of the inversion in T3, which enabled us to identify
several plants per line harbouring the induced inversion in a
homozygous state. The Phenotype and the fertility of plants
carrying the hk4S reversion did not differ from wild type plants.
To sum up, using our setup we were able to achieve the heritable
reversion of the hk4S knob and obtained six different heritable
inversion events, resulting in a successful reversion of the hk4S
knob.

Molecular characterization of the inversion. We elucidated the
molecular nature of the newly formed junctions by PCR and
sequencing in T2. The analysis revealed that the inversion
occurring in the T1 plant of line #20 is due to a re-ligation of the
broken ends without any sequence loss. The same holds true for
the T2 event isolated from line #15 and #26 (15). In the case of
line #7, the newly formed d junction carries a deletion of 34 bp
whereas the p junction was due to simple ligation. In the case of

Table 1 List of induced inversions detected in the T2

generation as determined by PCR-based genotyping.

Tested lines Positive lines Detailed
analyzed
T2 lines

Tested
T2 plants

Positive
rknob plants

38 10 # 7 40 1
# 15 40 1
# 20 40 34
# 26 40 3
# 27 40 1

Five out of ten positive tested T2 lines were analyzed in detail and each of these lines showed at
least one positive plant carrying the reverted knob (rknob) inversion.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18277-z

2 NATURE COMMUNICATIONS |         (2020) 11:4418 | https://doi.org/10.1038/s41467-020-18277-z | www.nature.com/naturecommunications

www.nature.com/naturecommunications


line #27, the p junction arose due to precise ligation whereas the d
junction contained a 1 bp deletion. Most interestingly, the junc-
tions of all three events isolated from line #26 differed, which can
be taken as strong evidence that all three events arose indepen-
dently. Here in all cases, the d junction arose due to simple
ligation as the p junction of #26 (15), whereas the sequences of
the p junctions of #26 (12) and #26 (29) differed, containing a 2
bp deletion and a 1 bp insertion (Fig. 1d). Thus, in the majority of
cases, the inversion does not result in any sequence loss (10 out of
14 junctions). To make sure that no significant parts of the
inverted area were deleted during the formation of the newly
induced inversion, the DNA of the line #20, homozygous for the
inversion, was analyzed further. We scanned for the presence of
the inverted region by PCR, amplifying equally distributed 1–2 kb
long fragments for each 100 kb (Supplementary Fig. 2, Supple-
mentary Table 5) and found no indication for any sequence loss.
To characterize further the induced inversion, the homozygous
line #20, was analyzed via FISH using already established BAC
clones of Fransz et al.24.

FISH was carried on to Prophase I meiocytes, in which the
chromosomes are visible as individual, condensed chromatin
fibers. We used the BACs T1J1, T26N6, and T4B21 that are
mapped in the inversion region and BAC F9H3, mapped distal
from the knob hk4S, as reference. The fluorescent detection of the
labeled BAC probes was chosen to distinguish the inverted from
the reverted orientation (Fig. 2a). The Col-0 preparations all
showed the BAC order F9H3 – T4B21 – T1J1, indicating the
inverted orientation. The line rknob-1, which (Fig. 2b) is

homozygous for the newly induced inversion, clearly shows a
reversed order of the BACs (F9H3 – T1J1 – T26N6), indicating
that the region is reverted (Fig. 2c).

Restoration of meiotic recombination within the inversion. In
a subsequent step, we tested whether we are able to reactivate
recombination in the formerly CO dead region in a cross with the
Ler-1 by the CRISPR/Cas induced inversion of the hk4S knob.
We crossed the homozygous line #20, now referred to as rknob-1,
with Ler-1. As a control, we used Col-0 wild type plants crossed
with Ler-1. Recombination frequencies were determined via SNP
based genotyping via the use of seven markers to discriminate
between Col-0 and Ler-1, (Fig. 3a). Marker 2 and Marker 6 are
located outside of the inversion but in direct vicinity to the
inversion junctions with a distance of only a few hundred base
pairs, representing both borders of the inversion.

Initially, we analyzed haploid pollen for COs within the
inverted region. The F1-hybrids resulting from crossings were
grown until flowering whereby the inflorescences were
collected27,28. Pollen nuclei were isolated, separated via FACS
and finally whole-genome amplification was performed29,30. As a
quality control, we tested for the presence of three different areas
harboring SNP-markers to identify successfully amplified pollen
DNA. Then, we determined CO frequencies for the five intervals
(see Fig. 3a) and the results are pictured in Fig. 3b as
recombination frequencies relative to the distance between both
markers. We were able to detect three independent CO events
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Fig. 1 Design, detection and composition of junctions of the induced hk4s reversion. a Overview of chromosome 4 in Col-0 (light green) and Ler-1 (gray).
The inversion in Col-0 is located on the short chromosome arm and thereby part of the pericentromeric region (orange) is shifted into the middle of this
chromosome arm. The location of both protospacers, distal (d PS) and proximal (p PS) relative to the centromere, are marked as red triangles. b Schematic
representation of the detection of the inversion after DSB induction. Thus, the formerly inverted region is reverted. The induced inversion can be detected
using site-specific primers for both junctions. Primers FW1 and FW2 (blue) are specific for the p junction, and primers REV1 and REV2 (red) are specific for
the d junction. c Sequence analysis of both newly formed junctions reveals seven independent heritable induced inversion events referred to as reverted
knob (rknob) inversions. The sequence of the d protospacer is depicted in blue, the sequence of the p protospacer is depicted in green, and PAM
sequences are marked in red. Source data are provided as a Source Data file.
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equally distributed over the inverted area (Fig. 3d) in 54 samples
of the inversion line (rknob-1 × Ler-1), whereas no CO event
could be detected within the inverted area in 90 samples of the
control.

To confirm these results for the offspring and to increase
sample size, seeds from the hybrids were harvested and the
respective F2-plants were again tested for CO formation via SNP
based genotyping for six intervals. All in all, 198 individual F2
plants of the rknob-1 × Ler-1 line and 200 individual F2 plants of
the control were tested using the same primers and probes as in
F1-analysis. CO frequencies were determined and results are
shown in Fig. 3c. Again, we did not detect any CO formation
within the inversion (I2-I5) in the control, while restoration of
recombination within the inversion in the rknob-1 × Ler-1 line

was observed. Outside the inversion, both lines showed a
comparable recombination rate with a clear difference with the
euchromatic areas in the middle of the chromosome arm (I1)
showing higher recombination frequencies than in the pericen-
tromeric region (I6). Overall, we detected in the rknob-1 × Ler-1
line nine CO events in I1, 27 CO events within the inversion and
no CO event near the centromere (I6) (Fig. 3d). Thus, by
reverting the knob inversion we were able to restore CO
formation in a formerly inaccessible part of chromosome 4 and
changed recombination patterns.

Discussion
Here we were able to show that by the use of CRISPR/Cas,
chromosomal inversions in the Mb range can be achieved
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Fig. 2 Fluorescence in situ hybridization to Col-0 WT and the homozygous rknob-1. a Schematic overview of the expected fluorescence patterns of
inversion BACs relative to the reference F9H3, which maps distal from the knob hk4S. Two independent FISH experiment were performed for both Col-0
and rknob-1. In both cases the same fluorescence pattern were obtained as shown in the figure as well as in the Source Data file. b Early zygotene meiocyte
of rknob-1 showing red-red-green signals in both homologues of chromosome 4. The length of the scale bar is 2 µm. c Prophase I meiocyte of Col-0 WT
with red-green-red signals. The length of the scale bar is 2 µm. Source data are provided as a Source Data file.
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precisely and efficiently in plants. We were able to obtain seven
independent Mb-sized inversion events by screening the progeny
of 38 primary transformants, resulting in an overall frequency of
about 0.5%. Due to a timesaving pooling approach20, instead of
over 1500 samples, <250 samples had to be analyzed to achieve
this goal. An increase of frequencies for further application in
crops could be achieved by a knock-out of classical NHEJ factors

like KU70. We could show that loss of KU70 results in a sig-
nificant increase of inversion as well as chromosomal transloca-
tion frequencies, although this is associated with a loss of
accuracy17,20. We were surprised that we were able to obtain the
1.17 MB spanning knob reversion at only marginally lower fre-
quencies than inversions spanning 3–18 kb. This indicates that
there is no linear correlation between inversion size and inversion
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frequency20. It might well be that different broken ends are
clustered during repair in the plant nucleus, explaining this lack
of correlation with size. But to conclusively address this question,
further experiments with different inversions sizes need to be
obtained in future.

We regard our finding that we were able to awake a CO dead
region by reverting a natural inversion that arose during plant
evolution as of central importance for plant breeders. Many crop
plants carry inversions, which have occurred naturally over time
as a result of erroneous repair processes3,31,32. Recent improve-
ments in sequence analysis of crop plants such as barley reveal
that multi-mega base inversions occur with high frequency
between different genotypes12, leading to CO suppression and it
was also observed that CO rates are slightly elevated nearby
rearranged areas33. Loss of COs in inverted areas can inhibit the
transfer of certain QTLs or resistance markers between different
crop cultivars. For example, recombination in the region of the
nematode resistance gene Mi-1, which is associated with an
inverted chromosome segment in Lycopersicon peruvianum, is
strongly suppressed when crossed with the susceptible cultivar
Lycopersicon esculentum34. By reverting a naturally arosen
inversion in Arabidopsis thaliana we were able to show that it is
now possible to solve this kind of problem in plants with rea-
sonable efficiency. Using CRISPR/Cas, we should not only be able
to revert natural inversions and thus target COs in recombination
dead regions, but we should also be able to achieve linkages
between attractive traits by creating inversions, leading to sub-
stantial change in recombination patterns in plants.

Beside inversions, translocations are the main driving force of
genome evolution on the chromosomal level1,2. We could just
demonstrate that chromosomal translocation can be achieved
using CRISPR/Cas technology in plants, too. We were able to
obtain heritable reciprocal chromosome arm exchanges between
chromosome 1 and 2 and 1 and 5 in Arabidopsis17. Thus, it is
possible to induce Mbpp large changes not only within but also
between chromosomes. Using both approaches different kinds of
genetic linkages can be stabilized or broken. With these tools in
hand plant genome editing has raised to a new level, chromosome
structural engineering35. It will now be important to adopt the
technology to the most important crop plants to use its full
potential for revolutionizing breeding.

Methods
Cloning of T-DNA constructs. Cloning of DNA constructs was done using the
plasmids pDe-Sa-Cas9 and pEn-Sa-Chimera19,36. However, using the restriction
enzymes PmeI and SbfI, the kanamycin resistance cassette was replaced by a bar
resistance cassette. Spacer sequences for the p and the d junction were cloned into
individual pEn-Sa-Chimera vectors. Together they were integrated into pDe-Sa-
Cas9. The corresponding spacer sequences that are specific for both borders of the
hk4S knob are listed in Supplementary Table 1. Using Bsu36I and MluI, the first
chimera was added. The second chimera was transferred via a Gateway® LR-
reaction. The EC1.1-promoter (composed of the EC1.1 promoter combined with
the EC1.2 enhancer)18 and the rbcS-E9 terminator were used for egg cell specific
expression. Both fragments were amplified from pHEE2E-TRI, and via Gibson

assembly® (New England Biolabs, NEB, https://www.neb.com/) and inserted into
the respective pDe-Sa-Cas9 vector. Primers used for cloning are listed in Supple-
mentary Table 1.

Plant transformation and growth conditions. Arabidopsis thaliana cultivars used
in this study were in the Columbia (Col-0) and Landsberg errecta (Ler-1) back-
ground. The plants were cultivated either in a growth chamber or in the green-
house at 22 °C with 16 h light and 8 h darkness. In the growth chamber, agar plates
were used containing germination medium (GM: 4.9 g/l Murashige & Skoog-
medium, 10 g/l saccharose, pH 5.7, 7.6 g/l plant-agar) and in the greenhouse cul-
tivation was conducted on substrate containing 1:1 mixture of Floraton 3 (Flor-
agard, Oldenburg, Germany) and vermiculite (2–3 mm, Deutsche Vermiculite
Dämmstoff, Sprockhövel, Germany). Arabidopsis lines were transformed with the
A. tumefaciens strain GV3101 via the floral dip method37.

DNA extraction. For this study, DNA was extracted via a shortcut DNA extraction
method. Therefore, DNA material was grinded using a pestle suitable for 1.5 mL
reaction tubes, to which 500 µL shorty extraction buffer (200 mM Tris-HCl (pH 9),
400 mM LiCl, 25 mM EDTA, 1% SDS, pH 9,0) was added. The mixture was then
centrifuged for 5 min at 17,000 g and 400 µL of the supernatant was mixed with
400 µL 2-propanol. After the sample was thoroughly inverted, the DNA was pel-
leted for 10 min at 19,500 g in a further centrifugation step. After the supernatant
was removed, the pellet was dried and then dissolved in TE buffer (10 mM Tris-
HCl (pH 9,0), 1,0 mM EDTA, pH 8,0).

Detection and analysis of heritable reverted inversions. The detection of
heritable reverted inversions was carried out according to the already established
protocol of Schmidt et al. 201920. T2 seeds of T1 plants with a stable integrated T-
DNA were cultivated on GM medium in a growth chamber for 2 weeks. Subse-
quently, a collective DNA extraction of each individual line was executed and these
bulk samples were screened for successful reversal of the inversion via PCR.
Sequencing of junctions was performed by GATC Eurofins and ApE (v2.0.55) was
used for alignment and analysis of Sanger sequencing data. Up to five positively
tested lines were then used to identify the individual plants harboring the reverted
inversion. Therefore, leaf material of 40 individual plants was collected and after
DNA extraction, the individual samples were screened via PCR for both newly
formed junctions. The positive plants were grown until the seeds ripened and these
T3 seeds were then tested for Mendelian segregation and the identified homozygous
plants were further propagated. Finally, the respective T4 plants were re-tested for
their homozygous status and then used for further analyses.

Sorting of haploid nuclei and whole-genome amplification. Single pollen nuclei
DNA was extracted from the F1 seeds derived by crossbreeding. The plants were
grown until flowering and 15–20 inflorescences were collected in 1.5 mL Eppendorf
tubes. 300 µL ddH2O were added and vortexed for ~30 s. For the release of pollen
grains the suspension was shaken at 150 rpm for 10 min at room temperature.
Afterwards, the suspension was centrifuged at 17,000 g for 5 min. After manual
removing the empty anthers the suspension was centrifuged again at 17,000 g for 5
min. The supernatant was discarded and the pellet was then resuspended in 100 µL
Galbraith buffer (45 mM MgCl2, 30 mM sodium citrate, 20 mM MOPS, 0.1%
TritonX100, pH to 7.0). The suspension was transferred into a 2 mL Eppendorf
tube containing two metallic beads of 6 mm diameter (Intec GmbH). After a
further centrifugation step at 17,000 g for 5 min, the suspension was homogenized
at 30 Hz for 40 s using a MM 400 ball mill (Retsch). After adding 500 µL Galbraith
buffer the suspension was filtered through a 30 µm filter (Sysmex-Partec). For
staining 4′,6-diamidino-2-phenylindole (DAPI; 1.5 μg/mL) was used. Using a BD
Influx Cell Sorter (BD Biosciences) single 1 C nuclei were sorted into individual
wells of a 384-microwell plate. Each well contained 2 μL lysis solution (0.5 μL lysis
buffer composed of 400 mM KOH, 100 mM DTT, 10 mM EDTA; 0.5 μL ddH2O;
and 1 μL sample buffer (Genomiphi V2, GE Healthcare)) for whole-genome-
amplification. The sample buffer containing random primers for whole-genome
amplification was added to lysis solution. Using the Genomiphi V2 kit (GE
Healthcare) whole-genome-amplification was carried out. However, the

Fig. 3 SNP-marker based recombination analysis in F1- and F2-hybrids. a Overview of SNP-marker (red) distribution on chromosome 4 in Col-0 (green),
rknob-1 and Ler-1 (gray) spanning the inversion and both border regions. Two SNP-markers form one interval resulting in six different intervals (I1-I6).
b Results of recombination analysis based on SNP genotyping of pollen nuclei in F1-hybrids. Fifty-two samples were used for rknob-1 × Ler-1 and 90 samples
for the control. Recombination frequencies are given as cM/Mb, with the amount of CO being set in relation to the distance between the two
corresponding markers. The inverted area is highlighted in light blue in the diagram. c Results of recombination analysis based on SNP genotyping of leaf
material of F2-hybrids. 198 samples were analyzed for rknob-1 × Ler-1 and 200 samples for the control. Recombination frequencies are given as cM/Mb,
with the amount of CO being set in relation to the distance between the two corresponding markers. The inverted area is highlighted in light blue in the
diagram. d Detailed overview of composition and amount of detected CO and no recombination (NR) events in haploid pollen tissue (F1) and diploid leaf
tissue (F2) in the rknob-1 × Ler-1 line. Detection of Col-0 allele is marked in light green, detection of Ler-1 allele is marked in gray, and when both alleles were
detected the marker is shown in dark green. The inverted area is highlighted in light blue. Source data are provided as a Source Data file.
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manufacturer’s protocol was modified in the following way: By incubation at 65 °C
for 3 min in 2 µL lysis solution nuclei lysis and DNA denaturation was conducted.
By adding 0.5 µL neutralization buffer (666 mM Tris-HCl, 250 mM HCl15) the lysis
solution was neutralized. As next step, a master mix composed of 3.5 µL sample
buffer, 4.5 µL reaction buffer, and 0.5 µL enzyme mix (Genomiphi V2, GE
Healthcare) per reaction was added. After incubation at 30 °C for 8 h the enzyme
was inactivated by an incubation step at 65 °C for 10 min29. Each sample was
diluted with 500 µL ddH2O and was used for subsequent SNP genotyping.

Determination of co-frequency. The CO-frequency was determined by the
detection of a marker change via SNP genotyping using cultivar specific probes.
Therefore, seven different TaqMan assays with specific primer and probe combi-
nations were designed, spanning the inverted and adjacent regions that are listed in
Supplementary Table 1 and 2. The analysis was performed using a Lightcycler® 480
II (Roche) and the PerfeCTa® qPCR ToughMix® (Quantabio) according to the
manufacturer’s protocol, but with a total reaction volume of 10 µL. The data were
finally evaluated with LightCyler® 480 SW 1.5. Graphs were made with Excel 2016
and CorelDraw 2019 (Version 21.0.0.593).

Cytogenetic analysis. Fluorescence in situ hybridization was carried out on
prophase 1 meiocytes prepared from immature flower buds that were fixed in
ethanol/acetic acid (3:1), following the protocol by Ross et al.38. The following BAC
clones were used: F9H3, T19B17, T26N6, F4H6, T4B21, T1J1 (IGF and TAMU
library)39,40. The BAC DNA clones were labeled with either digoxigenin-11-dUTP
or biotin-16-dUTP (Jena Bioscience GmbH) by nick translation following the
manufacturer’s protocol (Sigma-Aldrich). In situ hybridization was carried out
according to Lysak et al., 2006 with separate denaturation of probes and chro-
mosomes41. Microscopy slides were examined with a Zeiss AxioScope A1 fluor-
escence microscope using small band pass filters for DAPI, FITC, and Cy3. Images
were captured with a Nikon color DS-Ri2 camera using Nikon NIS-elements
4.60 software. Microscope images were further processed with Adobe Photoshop
software.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Data supporting the findings of this work are available within the paper and its
Supplementary Information files. A reporting summary for this Article is available as a
Supplementary Information file. The datasets generated and analyzed during the current
study are available from the corresponding author upon request. Source data are
provided with this paper.
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