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As the growing world population faces limited food 
resources—for example, due to restricted availability of 
farmland or instability of yields—the development of novel 

and fast ways to improve current crops is essential for meeting 
future food demands. Examples of such improvements are increased 
yields, nutritional value or tolerance to biotic and abiotic stresses1. 
This process can take several years with conventional breeding tech-
niques and is limited by factors such as linkage drag—that is, linked 
inheritance of undesired genetic material associated with favour-
able traits—or reduced genetic diversity due to the domestication 
process2. Examples of linkage drag in crop plants are seen in the 
association of resistance to tobacco mosaic virus with reduced yield 
in tobacco and the association of resistance to Fusarium wilt with 
increased sensitivity to bacterial spot in tomato3,4. The develop-
ment of clustered regularly interspaced short palindromic repeats 
(CRISPR)–CRISPR-associated protein (Cas) technology as a 
genome-editing tool has led to a new era in crop improvement5–9. 
The CRISPR–Cas system consists of a DNA endonuclease that is 
able to induce double-strand breaks (DSBs) at almost any location 
in the genome and is guided to the desired cut site by a synthetic 
single guide RNA10 (sgRNA). The induced DSBs are then repaired 
by endogenous DNA repair pathways, such as non-homologous 
end-joining (NHEJ) or homology-directed repair (HDR)11. The 
NHEJ pathway, which is predominant in somatic cells, is error-prone 
and can lead to small insertions or deletions at the break site11. If two 
or more DSBs are induced simultaneously, NHEJ repair can also 
lead to chromosomal rearrangements such as deletions, inversions 
or translocations12,13. In mammals, natural chromosomal rearrange-
ments are mainly associated with the development of cancer and 
are the cause of several genetic disorders14–16. Chromosomal rear-
rangements that mutate a tumour suppressor gene or activate an 

oncogene can lead to cancer17. Disorders caused by chromosomal 
rearrangements include Hunter syndrome, Emery–Dreifuss mus-
cular dystrophy and haemophilia A18–21. Conversely, chromosomal 
rearrangements have an important role in adaptation and specia-
tion22, especially in plants. One reason for this is that heterozygous 
chromosomal rearrangements can lead to the generation of unbal-
anced gametes during meiotic recombination and can affect fertility 
or cause reproductive isolation22,23. Chromosomal rearrangements 
also have diverse effects on the regulation of gene expression, which 
can affect the whole genome24. In heterozygotes, genetic informa-
tion contained in chromosomal inversions and translocations is not 
available for gene reshuffling, as meiotic recombination is supressed 
within the rearranged area25,26. Chromosomal rearrangements 
can thus complicate the breeding process when genetic exchange 
between two cultivars is suppressed. To date, only small-scale 
genomic changes have been induced in plants using CRISPR–Cas. 
However, the induction of large, megabase-scale chromosomal 
rearrangements has been reported in several recent studies in both 
Arabidopsis thaliana and maize27–29. In this Review, we highlight 
chromosome engineering as an attractive novel tool for break-
ing or stabilizing genetic linkages in the field of plant breeding. 
Furthermore, on the basis of recent research, we discuss the pros-
pects of alternative approaches to inducing recombination between 
homologous chromosomes.

Manipulating DNA repair pathways to break genetic 
linkages in plant breeding
Plant breeding relies on crossovers, the reciprocal exchange of 
genetic material, between homologous chromosomes during meio-
sis to generate new allelic combinations. Crossovers allow favour-
able traits to be combined and adverse traits to be eliminated from 
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elite crops. However, since crossover rate and distribution in the 
natural process are highly restricted and not very controllable, 
major parts of the chromosomes do not participate in the genetic 
exchange30. Consequently, desirable recombination outcomes are 
highly limited and linkage drag is frequently inevitable. During 
meiosis, parental genome sets are halved during two consecutive 
nuclear divisions, without interstitial replication to generate hap-
loid gametes31. The physical connection of the paired homologous 
chromosomes, termed bivalents, via crossovers is essential for the 
correct segregation of the homologous chromosomes during the 
first meiotic division. In all organisms, this is ensured by the main-
tenance of one obligatory crossover per chromosome pair, which 
is the minimum crossover number for recombination processes. 
Although meiotic recombination is the basis of genetic variance 
in the offspring, crossover numbers remain within a tight range in 
plants, rarely exceeding three crossovers per bivalent32.

The starting point for meiotic recombination is the programmed 
induction of DSBs by highly conserved SPO11 homologues33. 
The specifics of the subsequent meiotic DSB repair mechanisms 
define the occurrence of crossovers31 (Fig. 1). For the formation 
of the displacement loop (D-loop), which is the first repair inter-
mediate leading to crossover formation, DSB ends are resected 
and strand invasion into homologous sequences (preferably the 
homologous chromosome) occurs. Synthesis-dependent strand 
annealing (SDSA) is an important mechanism for the formation of 
non-crossovers (NCOs), whereby the invaded strand is elongated. 
It is then rejected from the D-loop and spans the DSB for repair 
synthesis. Conversely, the D-loop can also be extended, so that the 
discarded strand can anneal with the opposite side of the DSB in 
a second-end capture. This enables the formation of the second 
key intermediate, the double Holliday junction (dHJ). The resolu-
tion of this structure is the only mechanism in crossover formation 
in which resolvases dissolve the dHJ by endonucleolytic cleavage. 
Multiple factors have been identified in plants that shift the equilib-
rium of crossover genesis in one direction or the other. Exploiting 
this knowledge by mutating crossover-limiting or by overexpressing 
crossover-promoting factors is a promising method for increasing 
genetic variance in plant breeding.

The first crossover-limiting factor discovered in plants was the 
helicase Fanconi anaemia complementation group M (FANCM). 
Mutations in fancm resulted in a threefold increase of crossover 
frequency in A. thaliana34. The second helicase, identified as a 
crossover antagonist, is the BLM homologue RECQ4. Arabidopsis 
possesses two closely related homologues, RECQ4A and RECQ4B35. 
The recq4a recq4b (hereafter recq4a/b) double mutant has shown 
a 6.2-fold increase in crossover frequency36. Both RECQ4 and 
FANCM have roles in the destablization of D-loops to promote 
SDSA. Thus, the simultaneous mutation of these helicases was 
postulated to reflect an almost complete absence of SDSA. This 
would indicate that all DSBs result in dHJ-like structures that are 
resolved by resolvases, equally resulting in crossovers and NCOs. 
Furthermore, RECQ4 homologues probably act in the evolution-
ary conserved RecQ–Top3–Rmi (RTR) complex, which is involved 
in the dissolution of Holliday junction-like intermediates37, as 
similar crossover-limiting functions have been found in the other 
complex partners, Topoisomerase 3α (TOP3α) and RecQ-mediated 
genome instability 1 (RMI1), in Arabidopsis38. Indeed, CRISPR–
Cas9-mediated mutagenesis of RECQ4 in a Solanum lycopersicum 
and Solanum pimpinellifolium hybrid resulted in a 1.8-fold increase 
in crossovers39.

Additionally, other factors contribute to crossover control in 
plants. The conserved AAA-ATPase FIDGETIN-LIKE-1 (FIGL1), 
together with its complex partner Fidgetin-like-1 interacting pro-
tein (FLIP), is involved in the control of recombinases for the initia-
tion of strand invasion40,41. Mutations in Arabidopsis figl1 have been 
shown to increase crossover numbers in both inbred and hybrid 

lines. The downside of using figl1 mutants in crops is their sterility, 
which has been observed in rice, pea and tomato mutants, result-
ing in a breeding dead end42,43. The alternative to using mutants of 
anti-crossover factors to achieve an increase in crossover frequency 
is the overexpression of crossover-promoting factors, such as the E3 
ligase Human enhancer of invasion 10 (HEI10)44. In Arabidopsis, the 
artificial overexpression of HEI10 leads to an increase in crossover 
frequencies, especially in subtelomeric euchromatin45. However, 
when combined with a recq4a/b mutant background, the observed 
crossover increase was again restricted to the chromosome arms, 
with the highest effect in subtelomeres, but with no effect on centro-
meres46. Interestingly, the mutation of ZEP1, a synaptonemal com-
plex protein in rice, resulted in an increase of crossovers, similar to 
HEI10 overexpression, indicating that further factors could be iden-
tified47. Since multiple pathways influence crossover abundance, the 
combination of different strategies promises a further boost of cross-
over frequency. For example, the simultaneous mutation of figl1 and 
recq4a/b, or fancm and recq4a/b, resulted in a tenfold increase in 
crossovers in Arabidopsis inbred strains. A 7.8-fold increase was 
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Fig. 1 | enhancement of meiotic crossovers by modulation of crossover 
control factors. Meiotic recombination is induced by DSBs followed by 
resection of the break ends. FIGL1 is a negative regulator of strand invasion, 
whereby single-stranded overhangs invade into homologous sequences. 
Repair synthesis elongates the invaded strand, resulting in the formation of 
a D-loop. In the SDSa pathway, the helicases RECQ4 and FaNCM promote 
the D-loop disassembly to generate an NCO outcome. The stabilization 
and extension of the D-loop results in a second-end capture, whereby 
the discarded strand anneals with the opposite side of the DSB. Repair 
synthesis and ligation lead to the formation of a dHJ structure. The E3 
ligase HEI10 is involved in the stabilization of recombination intermediates, 
the precursors of dHJs. The dHJ can be processed by RECQ4, generating a 
hemicatenane-intermediate that can be further dissolved to form an NCO 
product. By contrast, the nucleolytic cleavage of the dHJ by resolvases 
results in the formation of both crossover and NCO products.
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detected in recq4a/b figl1 triple mutants. As no further rise was 
observed in a quadruple mutant with fancm, it was postulated that 
some sort of threshold might have been reached48. The possibility of 
transferring these findings to various crop plants was demonstrated 
in a study from 2018 that identified RECQ4 homologues as a cen-
tral determinant of crossover frequency. Inactivation of RECQ4 
homologues in rice, pea and tomato hybrids resulted in increases 
of 3.2-, 4.7- and 2.7-fold in crossover frequency, respectively, show-
ing the potential of accelerating breeding processes using mutants43. 
Although the possibilities of manipulating crossover pathways to 
increase meiotic recombination seem very auspicious, there must 
be a note of caution when manipulating DNA repair factors. The 
most promising strategy for mutating RECQ4 homologues comes 
at a price. RECQ4, which is part of the RTR complex, is not only an 
important factor in crossover control, but also fulfils essential func-
tions in the maintenance of somatic genome stability35,49. For exam-
ple, RECQ4A is a major factor in crosslink repair in Arabidopsis50,51. 
Thus, using recq4 mutants for breeding purposes might result in an 
accumulation of secondary mutations and a general decrease in fit-
ness. The same holds true for FANCM, which also has an important 
role in preserving genome stability in plants52. Finally, the dis-
cussed approaches for boosting crossovers were mostly only able to 
enhance crossover frequency. They did not have an effect on cross-
over positioning, leaving recombination-depleted areas, such as the 
pericentromeric regions, unchanged.

CRISPR–Cas-mediated crossover induction
As discussed above, the use of meiotic mutants mainly enhances 
crossover rates, but it does not change crossover distribution. 

Therefore, a substantial part of the genome cannot be activated for 
recombination using this approach30. Thus, an obvious strategy is 
to target these regions directly to introduce DSBs during meiosis 
and induce homologous recombination53. In principle, two different 
approaches can be used to achieve this goal: using a programmable 
DNA nuclease for DSB induction or using its DNA-binding capabil-
ity to guide the natural DSB-inducing machinery to the respective 
target site.

In an extensive yeast study, the adaptability of genome-editing 
tools to manipulate meiotic recombination was first demonstrated 
by using zinc finger nucleases, transcription activator-like effector 
nucleases and the CRISPR–Cas system as DNA-binding proteins 
to recruit SPO11 as a natural mediator for meiotic DSB induc-
tion54. Guiding these SPO11 fusions to sites that naturally show 
low levels of DSB induction during meiosis, resulted in detect-
able SPO11-mediated DSB formation and a significant increase in 
crossover frequency. Nevertheless, regions where DSB formation 
is suppressed during meiosis, such as centromeric and pericen-
tromeric regions, were still inaccessible for SPO11-mediated DSB 
induction, hinting at natural limitations of this system. The same 
approach was recently used in plants55. The SPO11 complex part-
ner meiotic topoisomerase VIB (MTOPVIB), which is crucial for 
SPO11-mediated DSB induction during meiosis, was fused to dead 
Cas9 (dCas9) and guided to a crossover hotspot in A. thaliana that 
had previously been shown to be accessible for crossover manipula-
tion. In yeast, DSB formation had been achieved by guiding SPO11 
to hotspots. Therefore, it was anticipated that the crossover rate 
would increase with high probability. However, neither crossover 
frequency nor crossover distribution were significantly affected 
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Fig. 2 | Control of genetic exchange by targeted induction of crossovers and inversions. Linkage drag is caused by a lack of genetic exchange in 
between the respective traits. Consequently, traits in close proximity or traits that reside within an inverted region on the same chromosome are, with 
high probability, genetically linked. The targeted induction of crossovers and inversions enables control of these types of linkages. artificial crossovers 
between homologous chromosomes could break the linkage of traits (green and red boxes) linked by close proximity (top centre). alternatively, artificial 
crossovers could be used to establish new linkage groups by joining traits on the same chromosome in close proximity (top left). Naturally inverted and 
thus crossover-depleted regions could be reversed to re-establish genetic exchange and consequently unlock formerly linked traits (bottom centre). 
additionally, artificially induced inversions could prevent regions from genetic exchange by promoting linkage groups (bottom left). Both chromosomal 
rearrangements pave the way to controlling and manipulating the natural recombination landscape in a targeted manner (top right and bottom right). Red 
arrowheads indicate CRISPR–Cas-mediated DSBs.
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by dCas9–MTOPVIB. These results indicate that the recruitment 
of the natural DSB-inducing machinery might not be sufficient to 
manipulate crossover occurrence in plants.

To date, no report on the direct induction of meiotic site-specific 
DSBs has been published, but targeted DSB induction using Cas9 
has successfully induced recombination between homologous chro-
mosomes in somatic cells in tomato56. By making use of two geneti-
cally distinct tomato accessions, an allele-specific DSB was induced 
in the PHYTOENE SYNTHASE 1 gene in hybrid plants. The 
implementation of a fruit-colour assay enabled the differentiation 
between NHEJ and homologous recombination repair outcomes. 
Further analysis of SNP redistribution revealed that, in addition to 
NHEJ-mediated repair, somatic homologous recombination events 
also occurred. These included gene conversions and one putative 
crossover. Although germline transmission could only be confirmed 
in the case of the gene conversions, the study clearly highlighted the 
potential of targeted DSB induction by CRISPR–Cas in manipulat-
ing recombination between homologous chromosomes in plants.

Recently, the same group attempted a similar approach, using 
hybrids of genetically distinct tomato accessions—which harboured 
heterozygous mutations in the CAROTENOID ISOMERASE gene—
as a selection system to detect homologous recombination-mediated 
somatic recombination57. In this study, one crossover event with 
transitions of at least 1 Mbp in both directions from the DSB  
was obtained.

With regard to the low homologous recombination frequen-
cies in higher eukaryotes, recombination between homologous 
chromosomes by NHEJ might be preferable to homologous 
recombination-mediated recombination. For instance, simultane-
ous DSB induction in both homologous chromosomes might result 
in the reciprocal exchange of genetic material by NHEJ. Recently, 
recombination between homologous chromosomes was induced 
by end-joining in human cells, targeting CD44 (ref. 58). By mak-
ing use of compound heterozygous mutations and DSB induction 
in between those mutations, subsequent reciprocal recombination 
was detected by simple restoration of gene function. Both nicks and 
DSBs guided to both homologous chromosomes resulted in recip-
rocal recombination, which was validated for multiple guides. After 
induction of DSBs, recombination frequencies were one order of 
magnitude higher than after induction of nicks, and reached fre-
quencies of around 0.1%. Interestingly, nicks and DSBs that were 
guided to only one of the homologous chromosomes failed to stim-
ulate recombination, indicating that NHEJ is indeed preferable to 
homologous recombination for the targeted induction of recombi-
nation in higher eukaryotes.

CRISPR–Cas-mediated chromosome engineering in 
mammals and yeast
As discussed above, the site-specific induction or global enhance-
ment of crossovers is one of the first-choice strategies when devel-
oping ways of breaking genetic linkages. However, the CRISPR–Cas 
system can also be used to restructure and reshuffle chromosomes 
through the induction of large chromosomal rearrangements. Much 
progress has been made in other organisms, such as yeast and mam-
mals, using this strategy and it might provide helpful guidance for 
the application of similar approaches in plants.

In mammalian cells, for example, the CRISPR–Cas system has 
been used to recreate oncogenic chromosomal rearrangements 
in vitro to study the initiation of cancer59,60. Several researchers 
have succeeded in the reproduction of chromosomal transloca-
tions in mammalian cells using CRISPR–Cas60–62. For example, the 
translocations t(8;21) and t(11;22), which cause Ewing’s sarcoma 
and acute myeloid leukaemia, respectively, were recreated success-
fully61. Another example of an oncogenic chromosomal rearrange-
ment is an inversion on the human chromosome 2, which, due to 
the fusion of the genes EML4 and ALK, leads to the formation of an  

abnormal fusion protein. It is associated with a certain type of lung 
cancer and has been induced successfully in mouse and human cells 
using CRISPR–Cas63. Thus, CRISPR–Cas has already been shown 
in several instances to be applicable for chromosome engineering 
in mammals.

Impressive progress has also been made on approaches to restruc-
turing chromosomes in yeast using CRISPR–Cas. In two remark-
able experiments, Shao et al. and Luo et al. were able to reduce 
the chromosome number of Saccharomyces cerevisiae, from 16 to 
1 and 2 chromosomes, respectively64,65, by prompting a number of 
CRISPR–Cas-induced translocations and fusions. According to Luo 
et al., the 2-chromosome strain might qualify as a distinct species by 
classical biological species definition, because backcrossing with the 
16-chromosome wild type was not possible. In addition, instances 
of chromosome shuffling through the CRISPR–Cas-mediated 
generation of chromosomal rearrangements have been reported  
in yeast66,67.

Reversion of natural chromosomal inversions can restore 
genetic exchange in recombination-dead regions in plants
Many crop plants have been found to carry chromosomal rear-
rangements29,68–70. The sequence diversity within a crop species can 
be detected by chromosome-scale sequence assemblies to capture 
the ‘pan-genome’68. In a genome alignment of current barley elite 
germplasm, predominantly large inversion polymorphisms of more 
than 5 Mb were detected68. Therefore, a lot of genetic material is 
currently inaccessible for breeding, meaning that a technique to 
induce or reverse evolutionary-derived chromosomal rearrange-
ments in a targeted manner would be of great value for breeders. 
In 2019, Schmidt et al. were able to show that targeted inversions 
of up to 18 kb could be induced in A. thaliana by using Cas9 from 
Staphylococcus aureus under egg-cell-specific expression71. In a 
follow-up study, Schmidt et al. went one step further and reversed 
an evolutionary-derived inversion in A. thaliana, the well-known 
heterochromatic knob hk4S, which has a size of 1.17 Mb and is 
carried by many accessions23,28,72. The authors detected 7 indepen-
dent inversion events in the progeny of 38 primary transformants. 
This proof-of-concept study suggested that it should also be pos-
sible to induce or reverse inversions in the Mb range in crop plants. 
Another of the authors’ aims was to show whether meiotic recom-
bination could be restored in hybrids that harbour the reverted 
knob in a heterozygous state. Previously, it had been shown that 
genetic exchange between the knob-carrying accession Columbia 
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Fig. 3 | Control of genetic linkages by targeted induction of reciprocal 
translocations. The targeted induction of reciprocal translocations 
between heterologous chromosomes provides a novel type of control over 
genetic linkages. Traits (green and red boxes) can be either genetically 
linked or separated by exchanging the respective arms between different 
chromosomes. Red arrowheads indicate CRISPR–Cas-mediated DSBs.
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and a knob-less accession, Landsberg erecta could not be detected 
in the rearranged area73. To test their hypothesis, Schmidt et al. 
conducted a SNP-based recombination assay and found that cross-
over rates could indeed be restored in the hybrids28. This important 
finding suggests that reversing evolutionary-derived chromosomal 
rearrangements can indeed unlock the genetic material within the 
chromosomal rearrangement for meiotic recombination. In keep-
ing with this study, the first CRISPR–Cas-mediated inversion in a 
crop plant, specifically in an elite maize inbred line, was recently 
obtained29. The 75.5-Mb pericentric inversion was located on chro-
mosome 2, spanning nearly one-third of the chromosome29. The 
two T0 regenerants that harboured the inversion and transmission 
were isolated and segregation of the event was confirmed, as 45 % 
of the T1 progeny plants were positive for the inversion. The find-
ings of this study suggest that chromosome engineering will also 
be possible in other crop plants that are susceptible to transforma-
tion. Now that the way has been paved for chromosome engineering 
approaches in crops, rapid progress is likely in the near future. The 
induction or reversion of chromosomal inversions can be used in 
crop improvement to break genetic linkage groups through physi-
cal separation or to restore crossovers in the formerly rearranged 
areas (Fig. 2). Conversely, the induction of inversions could be used 
to stabilize genetic linkages between favourable traits (Fig. 2). Such 
artificial inversions would make the region inaccessible for recom-
bination between the homologous chromosomes during meiosis.

Induction of reciprocal translocations in plants
As with inversions, large translocations are commonly found in 
crops and can lead to a reduction of meiotic recombination25,69. 
Reciprocal translocations in plants can cause semi-sterility and may 
be involved in male sterility, female sterility and sometimes both 
types of sterility74. Consequently, the targeted induction of translo-
cations will probably be an important tool for breeders for break-
ing or stabilizing genetic linkages. Linkages can be broken through 
physical separation or be established by combining favourable genes 
from different chromosomes on the same chromosome (Fig. 3). The 
first targeted induction of reciprocal translocations was recently 
achieved in plants. Beying et al. were able to induce a reciprocal 

chromosomal translocation in A. thaliana between chromosome 1 
and 2, and between chromosome 1 and 5. The translocated frag-
ments had a size of around 1 Mb and 0.5 Mb. The translocations 
were heritable and translocation frequencies of up to 2.5% in the 
wild-type background, and up to 3.75% in the classical NHEJ mutant 
ku70, were detected in individual T2 lines. This proof-of-concept 
study provides grounds for optimism that the same will be possible 
in crop plants in the future.

Potentials of restructuring the plant chromosome
As it is now possible to change the gene order within and between 
chromosomes, it is tempting to speculate about what else might be 
achievable in the near and the more distant future. Nevertheless, 
one should keep in mind that despite recent progress, the tech-
nology of chromosome engineering in plants is still in its infancy. 
Compared with the induction of DSB-based mutations, chromo-
somal rearrangements are very infrequent. Indeed, a quantitative 
analysis of the formation of reciprocal translocations detected trans-
location events in 1 out of 10,000 plant cells, indicating that chro-
mosomal rearrangements are induced in only a very small fraction 
of repair reactions27. In the wild type, host proteins of the classical 
NHEJ (cNHEJ) pathway keep the corresponding broken DNA ends 
in close proximity after a DSB to safeguard their re-ligation, thereby 
blocking the formation of chromosomal rearrangements. Therefore, 
it might be favourable to introduce chromosomal rearrangements 
into a cNHEJ-mutant background. It has been shown that, in the 
absence of the Ku70 protein, a central player of cNHEJ, inver-
sion frequencies and translocation frequencies are both enhanced 
in Arabidopsis, the latter by up to five times27. In the absence of 
Ku70, the alternative NHEJ pathway, which has no preference for 
keeping the broken DNA ends together, takes over DSB repair. 
Thus, the use of DSB repair mutants could enhance the chances 
of obtaining chromosomal rearrangements. However, the down-
side of such an approach is that other, unwanted genomic changes 
might occur due to an overall repair deficiency. Additionally, the 
use of Cas nucleases and sgRNAs, which have been optimized for 
efficient DSB induction in the respective plant species, is impor-
tant in enhancing chromosomal-rearrangement frequencies75,76. 
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Fig. 4 | Future perspective on chromosome engineering in plants. Different chromosomal rearrangements that have occurred naturally during 
evolution could be taken as inspiration for what may be possible in CRISPR–Cas-mediated chromosome engineering in future. In particular, centromere 
repositioning and chromosome fusions are frequently occurring natural chromosomal rearrangements, and are well described. Using CRISPR–Cas, 
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accomplished through end-to-end translocation or nested chromosome insertion by inducing four DSBs to remove redundant telomeres and centromeres.
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Moreover, an efficient screening protocol is required to detect rare 
chromosomal-rearrangement events. In Arabidopsis, a bulk screen-
ing protocol, originally developed to detect rare gene targeting 
events77, has been applied successfully.

Throughout the course of evolution, several kinds of chromo-
somal rearrangements have arisen that could conceivably serve as 
models for the kind of genomic changes that may be achievable by 
CRISPR–Cas-mediated chromosome engineering. Chromosomal 
rearrangements have often occurred after polyploidization events 
that were followed by dysploid changes, ultimately resulting in 
a diploid chromosome set78. Therefore, it should be possible to 
achieve a reduction in chromosome numbers, either by nested 
chromosome insertions or by end-to-end translocation, which 
are both well-documented natural chromosomal rearrangements. 
Polyploid species such as wheat or potato might be interesting can-
didates for these types of chromosome engineering approaches. 
Moreover, centromere repositioning occurred frequently during 
plant genome evolution78 and was recently documented in vivo in 
corn after gamma irradiation79. Since it has been possible to induce 
inversions and translocations, which occur with high frequency on 
the evolutionary scale, it might also be possible to mimic nature 
by changing centromere potions and chromosome numbers in the 
not-too-distant future (Fig. 4). However, it has to be kept in mind 
that by inducing multiple DSBs simultaneously, other unintended 
genomic changes might occur, which need to be selected against. 
Combined with currently available approaches, this would also 
allow basic questions to be addressed on how different positions on 
a chromosome might influence chromatin state and gene expres-
sion. Moreover, through chromosome engineering, it might be pos-
sible to reconstruct chromosome sets of the ancestors of current 
plant species.

the creation of synthetic chromosomes and new plant 
species
Since the 2000s, a novel way of manipulating genomes has emerged: 
the construction of synthetic chromosomes. The first synthetic 
chromosomes were of viral origin, due to their small size80. This 
success was followed by the creation of synthetic bacterial chro-
mosomes in a variety of strains, as well as the creation of synthetic 
yeast chromosomes81. However, the transfer of fully synthesized 
chromosomes from other organisms into plants has faced vari-
ous technical barriers—for example, limitations in the transfor-
mation process. Both common plant transformation methods, 
Agrobacterium-mediated transformation and biolistic transforma-
tion, are limited in the amount of DNA they are able to transfer. 
Agrobacterium-mediated transfer is dependent on the standard 
Escherichia coli vector capacities82 of about 150 kb. Conversely, 
biolistic transformation is able to transfer up to 1,100 kb, but it 
can cause severe damage to the transgene and host genome and 
is, usually, unable to deliver intact molecules of more than a few 
kilobases83,84. Additionally, synthetic chromosomes must be of a 
certain size to support at least one crossover during meiosis. This is 
necessary to ensure the correct separation of the chromatids; oth-
erwise, premature sister chromatid separation might occur, which 
can result in degradation and the loss of genetic material82. Since 
these aspects currently limit the chances of creating synthetic plant 
chromosomes from scratch, the next step in the generation of syn-
thetic plant chromosomes will probably be achieved by CRISPR–
Cas-mediated chromosome engineering, combined with the 
incorporation of smaller stretches of synthetic DNA.

However, the creation of new plant species will be within 
reach much sooner. The first success in the thorough remodel-
ling of a eukaryotic genome was achieved in 2019, when Shao 
et al. and Luo et al. were able to produce reproductively isolated 
single-chromosome and two-chromosome S. cerevisiae cells via 
CRISPR–Cas-mediated chromosome engineering64,65. Considering 

the great progress that has been made in the CRISPR–Cas-based 
restructuring of plant chromosomes, it might be possible to adopt 
a similar strategy in the creation of a new plant species by means of 
reproductive isolation. A reduction of the chromosome number or 
a combination of different types of chromosomal rearrangements 
could lead to reproductive isolation between the engineered plant 
and the wild-type parent. In that case, the engineered line might 
qualify as a new plant species. This could be an interesting strat-
egy for prevention of undesired outcrossing of crop plants with 
wild relatives. The setup of chromosome engineering in plants has 
unlocked exciting and unprecedented possibilities in the field of 
crop improvement and will help broaden the understanding of evo-
lution and genetics.
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