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The future of genome editing in plants differs from how itis used today.
Forbothresearchand product development, we need to think beyond
the creation of simple single-nucleotide polymorphisms and short

deletions in genes. We believe that the future of genome editing in plants
involves mimicking the natural evolutionary processes that have shaped
plant genomes and been the target of artificial selection during crop
domestication and improvement. This includes programming large
structural variations (insertions, duplications, deletions, inversions and
translocations) and controlling plant recombination and endogenous
transposable elements that naturally reshape plant genomes. The key is
that genome editing will be used to reshape plant genomes in a manner
that could have happened naturally, but now these changes can be directed
rapidly inthe laboratory.

Methods and tools for precision engineering of plant genomes have
existed for over 30 years, starting with the introduction of site-specific
recombinases (such as Cre and Flp)', through the development of
sequence-specific programmable nucleases, such as meganucleases,
zinc-finger nucleases and transcription activator-like effector (TALE)-
nucleases?, and now the almost exclusive use of CRISPR-Cas’. There are
three key properties that make CRISPR-Cas the current premiere tool
for genome editing;: first, ahigh degree of sequence specificity, with rec-
ognition sequenceslarge enough towork onuniquesites, eveninlarge
plantgenomes;second, the relative ease of programmability; and third,
the ability to add diverse functionalities, including deaminases (base
editors), reverse transcriptases (prime editors), transcriptional enhanc-
ers or repressors and several chromatin remodelling functionalities.

How editing is used today

Most of the CRISPR-based applications being used in plant sciences
today involve targeting a single gene either using the nuclease function
of a Cas-related protein to create a DNA double-strand break (DSB)
or using Cas-linked base editors to change bases in an untemplated
manner. The DSBis repaired by non-homologous end joining (NHE)),
generating smallinsertion-deletion (indel) edits at or near genes that
insome cases may appear as single-nucleotide polymorphisms (SNPs)
(Fig. 1a). NHEJ and base editing generate polymorphisms, typically
targeted to a protein-coding gene, microRNA*, long non-coding RNA®
or promoter regulatory unit (such as an enhancer). Complexity canbe

layered by multiplexing the production of guide RNAs (gRNAs) and
thus simultaneously targeting multiple genes® (Fig. 1b). In addition,
multiplexing of gRNAs that target the same promoter hasbeenused to
generate sequence variationin the form of SNPs, smallindels and larger
deletions at promoters (Fig. 1c), which generate expression diversity’.
The point of targeting these polymorphismsis to generate mutations
that affect a target gene, genetic pathway or trait®. Yet the majority of
genome editing performed today involves targeting asingle gene or a
small number of genes toinduce smallindel mutations. Although these
smallindels are not the subject of this Perspective, they will continue to
haveaprominentroleinboth plant researchand product development.

How we envision editing technologies will be used
inthe future

Structural variation (SV) in plant genomes has been naturally and artifi-
cially selected to create many of the mostimportant agricultural inno-
vations’. Naturally occurring SV is the basis of much of the phenotypic
variation on which breeding is based'’ 2. These are classically referred
toasintrinsic traits, in the sense that the plant germplasm already has
this sought-after ability, and incremental modulation of these traits
(such as flowering time and plant architecture) was first selected for,
then bred, and now can be directly engineered by genome editing.
A common criticism of genome editing is that it can only modulate
intrinsic traits, while extrinsic traits are classically defined as those
that the plant does not already possess and must therefore be added
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Fig.1| Today’s use of CRISPR-Cas to generate small-scale indels at or near
genes. a, Genome cleavage by a Cas protein directed by the CRISPR gRNA. In
plants, the DSB that is generated is most often repaired by NHEJ] and results in
ashortuntemplated deletion of 1-10 bp. b, Multiplex genome editing in trans,

where two or more gRNAs direct Cas activity simultaneously to multiple sites
ofactivity. ¢, Multiplex genome editing in cis, where two or more gRNAs direct
Cas activity to the same region of the genome (such as agene’s promoter), often
resultingin larger deletions between gRNA target sites.

via transgenes. The key example of a classic extrinsic trait is the one
that is the most valuable to industry: herbicide tolerance. However,
key examples exist where plants naturally evolved this ‘extrinsic’ trait
intrinsically from SVin their own genome, completely blurring the lines
between the classically defined intrinsic and extrinsic traits. Under
heavy selective pressure, agricultural weeds rapidly evolve resistance
to herbicides by intrinsically boosting the copy number of the target
genes via gene duplication®” (Fig. 2a). The increased copy number
leads to protein levels that are too high for the herbicide to inhibit.
SV has therefore been used through artificial selection to improve a
classically extrinsic trait, and this suggests thatin the future SV could
be engineered to generate any trait using a mixture of genome editing
and cisgenic (within a breeding pool) gene movement (Fig. 2b).

Multiple recent review articles have summarized the state of the
art for producing small edits at the gene level, including highly multi-
plexed edits, to produce specific phenotypic traits'". Beyond the gen-
eration of SNPs and indels, we believe that the future of genome editing
involves mimicking the larger SV cound naturally in plant genomes. SV
includeslarger deletions (generally defined as changes greater than 50
base pairs (bp)), insertions, duplications, inversions and translocations
thatrapidly evolvein plant genomes and are observed between strains
of the same species™'>'®. Genome editing can be used to trigger these
processesin atargeted manner through the formation of DSBs, while
repair pathways can be manipulated and/or recruited, and specific
outcomes beyond SNPs and short deletions screened for. In this Per-
spective, we focus on the strengths and limitations of novel editing
methods and tools to create precise SV, presence-absence variation
and chromosomal recombination. Although naturally occurring SV
is the basis of much of the phenotypic variation on which crop breed-
ing and domestication are based, the tools and methods to precisely
engineer SV are just starting to emerge.

Current technologies to program SV

The efficiency and precision of DSBs created by Cas nucleases can
be applied to engineering a wide range of SV. The ends generated
by two or more simultaneous DSBs can be repaired by NHE]J (or
by homology-directed repair (HDR) if the sequences that flank the

DSBs are similar) to create new junctions in any configuration, result-
ingin all possible inter- and intra-chromosomal SVs. As with any new
large genome change that occurs naturally orisinduced by amutagen,
notallengineered SVs will be viable or stable, but they can be precisely
designed to produce the desired outcome.

Programming chromosomal deletions

In plant genomes, DSBs by a Cas-related protein at single sites typi-
cally generate short (<10 bp) deletions, but larger deletions have
beenobserved when gRNAs are multiplexed, resulting in two or more
DSBs on the same chromosome (Fig. 2b). This method of generating
SV has been used to produce -1-kb deletions in a tomato promoter
that create a range of expression patterns’, the removal of large
transposable-element-rich regions from the Physcomitrium patens
genome' and deletions of >100 kb that remove multiple genes in
rice’. These deletions can be used to simplify the genome (asinref.17),
remove tandemly repeated genes and remove entire pathways encoded
by biosynthetic gene clusters.

Methods of targeted insertion

After deletions, the simplest case of programming SV is the insertion
of transgenes, which historically has been achieved through ran-
dom integration. The technology to program the target site of DNA
insertion is sought after for the integration of epitope tags for
research on plant proteins, and in industry for the placement of
transgene-encoded traits, such as herbicide resistance genes (Fig. 2c).
Targeting transgene insertion can be performed today using recom-
binases, HDR, PrimeRoot editing, transposon insertion and NHEJ
knock-in*%2,

Targeting traitinsertion is beneficial because transgene cargo can
be placed into ‘SafeHarbor’ regions of genomes that do not generate
mutations that interrupt an endogenous gene and are permissive to
predictable and durable gene expression (high expressionis typically
desired). In addition, traits can be stacked adjacent or linked to each
other (Fig. 2d), reducing the complexity of downstream breeding.
Using a combination of Cas9-mediated insertions of frt recombina-
tionsites, followed by FIp-recombinase-mediated cassette exchange,
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Fig. 2| Key examples of medium-scale SVinduced by genome editing.

a, Programming tandem duplications of genes or regulatory units. The
duplicated region increases in copy number and can resultin boosted protein
levels and traits. b, Movement and insertion of different genes or traits (coloured
lines) from different chromosomes to one locus, whichis highly beneficial

for breeding pipelines. ¢, Programming large deletions using gRNAs at the
deletion boundaries. d, Targeted insertion of either transgenes or cisgenes
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canbe accomplished using several approaches that combine CRISPR-Cas with
recombinase, reverse transcriptase or transposase proteins. e, Repeated targeted
insertion can be used to stack genes and traits. Targeted insertion is currently
being used to cluster beneficial traits and could be used in the future to create
custom chromosomes latent with traits moved from across the genome. These
new linkage groups are useful in breeding pipelines to speed the introgression of
these traits into new germplasms.

asystem of ‘complex trait loci’ has been developed”. This enables the
stacking of multiple genes into genetically linked arrays, facilitating
the introgression of multiple traits that would otherwise be unlinked
if plant transformation used standard random integration.

The same technologies that are used for targeted insertion of
transgenes can be applied to the cisgenicinsertion (or repositioning)
ofendogenous genes or regulatory regions asthe delivered cargo. For
example, in rice, Cas9-mediated DSBs were used to produce the pre-
cise insertion of transcriptional enhancers ranging from 26 to 64 bp,
aswellas theinsertion of promoters up to 2 kb (ref. 23). The insertion
of centromeric repeats that direct chromosome segregation and the
formation of artificial chromosomes also represents adesired cisgenic
inserted cargo®.

In addition to simple insertions, regions of the endogenous
genome can be replaced. For example, as the expression of the
ARGOS8 gene in maize is relatively weak, the endogenous promoter
was deleted and a stronger promoter simultaneously inserted®. This
insertion occurred via HDR using ARGOS8 homology arms that sur-
rounded the strong promoter sequence. One can start to envision
the future of using gene insertion technologies to cisgenically reconfi-
gure genomes such that important endogenous trait genes are clus-
tered together for breeding efficiency (asinref. 26).

Programming duplications that alter copy number variation

Gene duplication can result in a gene taking on a new function (neo-
functionalization), or the genes can retain their original purpose at a
higher dosage and expression level””. Copy number variations (CNVs)
arestructural variants thatinclude duplications and amplifications of
genes. CNVs have been described in most major crop species and are
thought to have played a key role in the selection of important agro-
nomic traits, including disease resistance®. For example, CNVs are
common in nucleotide-binding leucine-rich repeat (NB-LRR) genes
involved in plant defence. NB-LRR disease resistance genes are often
clustered in highly variable tandem duplicated gene islands, which
enables the frequent generation of rearrangements, presence-absence
variation and natural translocations®. It is possible to mimic this natural
CNVinaprecise manner by creating targeted Cas DSBs in conserved
sequences of the genes in the tandem arrays, resulting in changes in
the copy number, along with novel alleles®. Breeding programmes
can also take advantage of NB-LRR translocations to create linkage

group clusters of disease resistance genes that bring loci together in
the genome so they are inherited as a single locus (Fig. 2b).

The evolutionary process of gene duplication has generated
large gene and protein families in plant genomes and can lead to
examples of trait boosting and rapid evolution such as the example
of herbicide resistance in agricultural weeds described above. Gene
duplicationleadsto CNV, expressionincreases and natural trait boost-
ing to overcome stresses, such as the repeated convergent evolution
of gene duplications that overcome drought tolerance in grasses™.
Duplicated gene copies can be located adjacent to the originating
gene (as in Fig. 2a), on the same chromosome but at a distance, on a
different chromosome or even off the chromosome on an episome®.
Transposable elements are natural gene duplicators® that could be
used to engineer CNVsin the future.

In addition to genes, larger chromosome segments, entire
chromosomes or entire genomes (autopolyploidy) can be naturally
duplicated. When CRISPR-Cas is used to program a chromosome
deletion, the by-product can be a sister or homologous chromosome
that has the corresponding region duplicated*. For example, a300-kb
chromosomal duplication was obtained in rice by inducing DSBs at
bothborders of the duplicated region®. However, compared with the
other SVthat has been programmed by genome engineering, duplica-
tion has hardly been taken advantage of and represents a future target
ofengineering.

Programming chromosomal recombination
The major sources of individual variation on which breeding is
based are generated in meiosis through independent assortment of
chromosomes and meiotic recombination, especially crossing over.
The ability to precisely engineer the positions of crossovers would
allow breeders to design and produce the desired variation more
precisely (Fig. 3a). The positions of crossovers are determined by
the DSBs, the position and frequency of which vary throughout the
genome. The fusion of Spoll to sequence-specific nucleases, includ-
ing Cas9, has been used to target the positions of meiotic crossovers
in yeast®. It will be interesting to see whether such an approach will
work in plants.

Analternative to targeting meiotic recombinationis to create the
crossoversin mitotic (somatic) cells during the process of plant trans-
formation. Plants regenerated from mitotic cellsinwhichareciprocal
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Fig. 3| Examples of large-scale SV induced by genome editing. a, Programming
the sites of recombination events selected by CRISPR-Cas genome editing can
be used to break unwanted trait linkage (not shown) or to cluster beneficial
alleles on asingle chromosome. b, Inversions of large segments of chromosomes
canbe used to suppress recombination or to re-enable recombinationina
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region that underwent aninversionin the past. ¢, Similar to recombination
(a), translocations can be used to break genetic linkage between two or more
factors, or to group beneficial traits (as shown). In contrast to recombination
with homologous chromosomes, translocation occurs between different
chromosomes (shown in different colours).

recombination between homologous chromosomes has occurred
transmit the recombination event to the next generation through
the germline. Moreover, targeted crossovers created in mitotic cells
are likely to not be subject to the meiotic phenomenon of crosso-
ver interference, opening the possibility of relatively precise double
crossovers to pinpoint the targeted transfer of beneficial haplotypes
during breeding. Using a single gRNA targeting a specific position on
a pair of homologous chromosomes, it was possible to create simul-
taneous DSBs on both chromosomes in somatic cells, resulting in a
reciprocal recombination in maize and in tomato, mimicking meiotic
crossovers®,

Generatinginversions that block recombination

The application of long-read sequencing technologies to plant genomes
revealed that natural Mb-sized inversions are surprisingly abundant in
crop cultivars®. This might be because inversions do not lead to loss of
geneticinformation and are thus much less detrimental than deletions.
Inversions can be programmed with two CRISPR target sites similarly to
alargedeletion, but with increased screening of the resulting popula-
tion of the inversion of the central DNA fragment (Fig. 3b) rather than
deletion.Inone example fromrice, apromoter swap thatenhanced the
expression of agene of interest was achieved by a 0.9-Mb inversion®.In
addition toboosting the expression of asingle gene, inversions canbe
used to affect recombinationand thus geneticexchangein the respec-
tive part of the chromosome if the mating partner lacks the respec-
tive inversion. By reverting natural inversions, it is possible to reopen
recombination-dead regions for genetic exchange and breeding, as
demonstrated in a proof-of-concept experiment in Arabidopsis. By
combining DSBsinduced by Cas9 and an efficient screening protocol, it
was possible to obtain anumber of recombinants carrying areversion
ofthe1.1-Mbknob inversionin Col-0. By crossing the reversion line with
astrainthatlacked theinversion, genetic exchange was restored after
five millennia*’. This approach has also beenapplied in crops: anatural
75.5-Mb inversion in maize that spans about a third of chromosome 2
was reverted*, enabling genetic exchange with other maize cultivars.

In contrast to enabling recombination, it is also possible to use
genome engineering to hinder genetic exchange. This was recently
demonstrated byinducingal7-Mbinversionin chromosome 2 of Col-0
Arabidopsis, covering 9/10 of its length. After crossing with the ecotype
Ler-1, marker analyses demonstrated that the recovery of progeny with
crossovers was suppressed in the inverted region*’. The induction of
inversions is thus a powerful tool to redirect genetic exchange on the
chromosomallevel.

Translocations between chromosomes

Translocations also play amajor role during plant genome evolution*
and canbe engineered viagenome editing (Fig. 3¢). Using Cas9, parts of
chromosome arms were exchanged in Arabidopsis, including recipro-
cal exchanges between chromosomes in almost the Mb size range**.
This has utility if genes are closely linked, as it may be beneficial to
separate them to break their genetic linkage. One way to achieve this
goalis toinduce NHEJ-based reciprocal translocations to localize the
genes on different chromosomes. Although the reported frequen-
cies are lower than for inversions, translocations are the most effec-
tive means for restructuring plant genomes in a global manner®. By
consecutive translocations of chromosome arms, it may be possible
to change the number of chromosomes and thus the number of link-
age groups in a crop species. Translocations are also expected to be
an effective means to shrink individual chromosomes to transform
them into mini or artificial chromosomes. In contrast, chromosomes
mightbe enlarged to combine multiple beneficial traits (asin Fig.3c).In
either case, consideration needs to be takento ensure that significant
changes in chromosome architecture produce varieties that exhibit
meiotic stability during outcrosses and are therefore compatible with
downstream breeding strategies.

The new technologies that are needed

Routine programming of plant SV will require both importantincre-
mental improvements in the technologies described above and new
technologies that do not exist today. Key editing characteristics such
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as cargo size, rate of the edit and reduction of off-target unintended
mutations are currently the focus of many of these technologies. This
includesimproving homologous recombinationin plants, possibly by
influencing the repair pathways to avoid NHEJ after DSB. In addition,
now that recombinases, integrases, DNA transposases and reverse
transcriptases have all been successfully used with CRISPR-Cas to
engineer plant SV, anotable, potentially highly useful protein that has
notbeen domesticated (altered for our use) yetis the replicase/helicase
function generated by rolling-circle helitron transposable elements.
Helitrons are known to duplicate plant genes at a high rate and leave
avery small footprint®, and they are natural genome engineers that
have currently untapped potential for future engineering.

Another technological improvement will be programmable
recombinases. The current version of recombinases act on specific
recombination sequences that first need to be added to specific sites
in the genome and then can participate in DNA removal, DNA addi-
tion and/or mediating chromosomal translocations*. At first these
recombination sites were added to the genome through traditional
transgenesis'’, but now PrimeRoot, Twin Prime, PASTE and other
approaches can be used to insert these short sequences®>*”*, In the
future, we may be able to direct the recombinase proteins to work
on endogenous sequences (without first integrating recombination
sites) in a programmable manner similar to how Cas-related proteins
can be programmed with a gRNA, which would be a valuable tool to
engineer plant genomes because of their ability to avoid the natural
plant preference for NHEJ.

Adding large pieces of DNA to plant cells is still a major obstacle
forgenome engineeringin plants, in contrast to other organisms. Such
atechnology would be especially attractive for integrating or moving
quantitative traitloci or positive haplotypes. Whereas DNA of Mb size
canbetransferred by yeast cell fusioninmammalian cells*, such a tech-
nology isstill lacking for plants. Only in the model moss Physcomitrium
patenshasitbeen possible toreplace al55-kb chromosomal fragment
by synthetic DNA using PEG transformation of shorter fragments and
their assembly by homologous recombination”.

Anindirectimprovement that will aid all plant genome engineer-
ingisthe generation of amore high-throughput method to screen for
rare editing events. Long-read sequencing is ideal for the detection
of SV*°, but de novo genome assembly at the level at which it can be
applied toascreening populationtoidentify arare editis currently not
feasible. The added benefit of large-scale long-read screening will be
the simultaneous detection of unintended off-target changes, which
is currently performed as a secondary screen only after the primary
editisdetected.

Akey innovation will be programming plant SV without the inte-
gration of the machinery (CRISPR-Cas and other) required to generate
theedit. Typically, this machineryis added transgenically to the plant
genometo generate the edit but then needs to beremoved viaanother
edit, recombination or segregation. This is especially cumbersome
for clonally propagated plants where segregation is not an option or
extremely difficult. Non-integrating transient transformation is sought
after using several different approaches including nanomaterial-based
transient plant transformation®, the use of non-integrating Agrobacte-
rium strains* and viruses that infect the plant but are not transmitted
to the next generation®’. The use of viruses to encode the machinery
needed for plant gene editingis particularly attractive because it avoids
laborious and expensive tissue-culture-based plant transformation, but
to date these CRISPR-Cas systems are limited to creating smallindels*.
Programming germinal SV without tissue culture or the integration of a
transgeneinto the plant genomeis a highly desired future technology.

Before any of the above SVs can be programmed, we need to under-
stand which SV will provide the desired outcome. There is aneed now
more than ever for basic research on genomics and trait discovery to
understand what SV changes to target. The identity of beneficial SVs
will probably come from the long-read sequencing of crop germplasm

poolsalongside screens for beneficial traits. These naturally occurring
SVs (or eveninduced SVs) canthenbe regenerated inatargeted manner
inagermplasm of choice. Trait discovery pipelines will need to adjust
to the mindset of programming large SVs in addition to mutations in
single genes.

Last, regulatory agencies will have to develop science-based poli-
cies to deal with a wide range of SV edits that are currently becoming
possible. These SV edits extend beyond where regulatory agencies are
today with one-at-a-time indel mutations in single genes. There have
been recent positive recommendations towards accepting induced
SVand cisgenicapproachesinboth North Americaand Europe®. Since
natural SV has been the basis of traditional crop improvement through
screening and breeding, we believe thatinducing and programming SV
is the next step and the future of genome editing in plants.

References

1.  Gilbertson, L. Cre-lox recombination: Cre-ative tools for plant
biotechnology. Trends Biotechnol. 21, 550-555 (2003).

2. Puchta, H. & Fauser, F. Synthetic nucleases for genome engineering
in plants: prospects for a bright future. Plant J. 78, 727-741 (2014).

3. Gao, C. Genome engineering for crop improvement and future
agriculture. Cell 184, 1621-1635 (2021).

4. Deng, F. et al. Molecular evolution and functional modification
of plant miRNAs with CRISPR. Trends Plant Sci. 27, 890-907 (2022).

5. Bravo-Vazquez, L. A. et al. The applications of CRISPR/Cas-mediated
microRNA and IncRNA editing in plant biology: shaping the future
of plant non-coding RNA research. Planta 259, 32 (2024).

6. Karlson, D. et al. Targeted mutagenesis of the multicopy myrosinase
gene family in allotetraploid Brassica juncea reduces pungency
in fresh leaves across environments. Plants 11, 2494 (2022).

7. Wang, X. et al. Dissecting cis-regulatory control of quantitative trait
variation in a plant stem cell circuit. Nat. Plants 7, 419-427 (2021).

8. Elliott, K. et al. CRISPR/Cas9-generated mutations in a sugar
transporter gene reduce cassava susceptibility to bacterial blight.
Plant Physiol. 195, 2566-2578 (2024).

9. Olsen, K. M. & Wendel, J. F. A bountiful harvest: genomic insights
into crop domestication phenotypes. Annu. Rev. Plant Biol. 64,
47-70 (2013).

10. Schiessl, S.-V., Katche, E., lhien, E., Chawla, H. S. & Mason, A. S.
The role of genomic structural variation in the genetic
improvement of polyploid crops. Crop J. 7, 127-140 (2019).

1. Alonge, M. et al. Major impacts of widespread structural variation
on gene expression and crop improvement in tomato. Cell 182,
145-161.623 (2020).

12. Hufford, M. B. et al. De novo assembly, annotation, and
comparative analysis of 26 diverse maize genomes. Science 373,
655-662 (2021).

13. Patterson, E. L., Pettinga, D. J., Ravet, K., Neve, P. & Gaines, T. A.
Glyphosate resistance and EPSPS gene duplication: convergent
evolution in multiple plant species. J. Hered. 109, 117-125 (2017).

14. Abdelrahman, M., Wei, Z., Rohila, J. S. & Zhao, K. Multiplex
genome-editing technologies for revolutionizing plant biology
and crop improvement. Front. Plant Sci. 12, 721203 (2021).

15. Bhuyan, S. J. et al. Progress in gene editing tools, implications and
success in plants: a review. Front. Genome Ed. 5, 1272678 (2023).

16. Kang, M. et al. The pan-genome and local adaptation of
Arabidopsis thaliana. Nat. Commun. 14, 6259 (2023).

17. Chen, L.-G. et al. A designer synthetic chromosome fragment
functions in moss. Nat. Plants 10, 228-239 (2024).

18. Zhou, H., Liu, B., Weeks, D. P., Spalding, M. H. & Yang, B. Large
chromosomal deletions and heritable small genetic changes
induced by CRISPR/Cas9 in rice. Nucleic Acids Res. 42,
10903-10914 (2014).

19. Gao, H. et al. Complex trait loci in maize enabled by CRISPR-Cas9
mediated gene insertion. Front. Plant Sci. 11, 535 (2020).

Nature Plants


http://www.nature.com/natureplants

Perspective

https://doi.org/10.1038/s41477-025-01956-4

20. Sun, C. et al. Precise integration of large DNA sequences in plant
genomes using PrimeRoot editors. Nat. Biotechnol. 42, 316-327
(2024).

21. Liu, P. et al. Transposase-assisted target-site integration for
efficient plant genome engineering. Nature 631, 593-600 (2024).

22. Ye, X., Bradley, J. & Gilbertson, L. T-circle vector strategy
increases NHEJ-mediated site-specific integration in soybean.
Plant Biotechnol. J. 22,1926-1928 (2024).

23. Lu, Y. et al. Targeted, efficient sequence insertion and
replacement in rice. Nat. Biotechnol. 38, 1402-1407 (2020).

24. Zhang, H. et al. Stable integration of an engineered megabase
repeat array into the maize genome. Plant J. 70, 357-365 (2012).

25. Shi, J. et al. ARGOSS8 variants generated by CRISPR-Cas9
improve maize grain yield under field drought stress conditions.
Plant Biotechnol. J. 15, 207-216 (2017).

26. Request for USDA-APHIS-BRS Regulatory Status Review Step 1 of
DSL Maize with Improved Disease Resistance https://www.aphis.
usda.gov/sites/default/files/24-172-O1rsr.pdf (USDA, 2024).

27. Roulin, A. et al. The fate of duplicated genes in a polyploid plant
genome. Plant J. 73, 143-153 (2013).

28. Dolatabadian, A., Patel, D. A., Edwards, D. & Batley, J. Copy
number variation and disease resistance in plants. Theor. Appl.
Genet. 130, 2479-2490 (2017).

29. Thatcher, S. et al. The NLRomes of Zea mays NAM founder lines
and Zea luxurians display presence-absence variation, integrated
domain diversity, and mobility. Mol. Plant Pathol. 24, 742-757 (2023).

30. Nagy, E. D. et al. Novel disease resistance gene paralogs created
by CRISPR/Cas9 in soy. Plant Cell Rep. 40, 1047-1058 (2021).

31. Marks, R. A., Pas, L. V. D., Schuster, J., Gilman, I. S. & VanBuren, R.
Convergent evolution of desiccation tolerance in grasses.

Nat. Plants 10, 1112-1125 (2024).

32. Koo, D.-H. et al. Extrachromosomal circular DNA-based amplification
and transmission of herbicide resistance in crop weed Amaranthus
palmeri. Proc. Natl Acad. Sci. USA 115, 3332-3337 (2018).

33. Barro-Trastoy, D. & Kohler, C. Helitrons: genomic parasites that gene-
rate developmental novelties. Trends Genet. 40, 437-448 (2024).

34. Lynagh, P. G. et al. Translocation and duplication from CRISPR-
Cas9 editing in Arabidopsis thaliana. Preprint at bioRxiv
https://doi.org/10.1101/400507 (2018).

35. Lu, Y.etal. Adonor-DNA-free CRISPR/Cas-based approach to
gene knock-up in rice. Nat. Plants 7, 1445-1452 (2021).

36. Sarno, R. et al. Programming sites of meiotic crossovers using
Spol1fusion proteins. Nucleic Acids Res. 45, 164 (2017).

37. Hayut, S. F.,, Bessudo, C. M. & Levy, A. A. Targeted recombination
between homologous chromosomes for precise breeding in
tomato. Nat. Commun. 8, 15605 (2017).

38. Kouranov, A. et al. Demonstration of targeted crossovers in hybrid
maize using CRISPR technology. Commun. Biol. 5, 53 (2022).

39. Zhou, Y. et al. Pan-genome inversion index reveals evolutionary
insights into the subpopulation structure of Asian rice.

Nat. Commun. 14,1567 (2023).

40. Schmidt, C. et al. Changing local recombination patterns in
Arabidopsis by CRISPR/Cas mediated chromosome engineering.
Nat. Commun. 11, 4418 (2020).

41. Schwartz, C. et al. CRISPR-Cas9-mediated 75.5-Mb inversion in
maize. Nat. Plants 6, 1427-1431(2020).

42. Ronspies, M. et al. Massive crossover suppression by CRISPR-
Cas-mediated plant chromosome engineering. Nat. Plants 8,
1153-1159 (2022).

43. Mandakova, T. & Lysak, M. A. Post-polyploid diploidization and
diversification through dysploid changes. Curr. Opin. Plant Biol.
42, 55-65 (2018).

44. Beying, N., Schmidt, C., Pacher, M., Houben, A. & Puchta, H.
CRISPR-Cas9-mediated induction of heritable chromosomal
translocations in Arabidopsis. Nat. Plants 6, 638-645 (2020).

45. Ronspies, M., Dorn, A., Schindele, P. & Puchta, H. CRISPR-
Cas-mediated chromosome engineering for crop improvement
and synthetic biology. Nat. Plants 7, 566-573 (2021).

46. Yin, Q., Li, R. & Ow, D. W. Site-specific sequence exchange
between homologous and non-homologous chromosomes.
Front. Plant Sci. 13, 828960 (2022).

47. Anzalone, A. V. et al. Programmable deletion, replacement,
integration and inversion of large DNA sequences with twin prime
editing. Nat. Biotechnol. 40, 731-740 (2022).

48. Yarnall, M. T. N. et al. Drag-and-drop genome insertion of
large sequences without double-strand DNA cleavage using
CRISPR-directed integrases. Nat. Biotechnol. 41, 500-512 (2023).

49. Brown, D. M. et al. Efficient size-independent chromosome
delivery from yeast to cultured cell lines. Nucleic Acids Res. 45,
e50-e50 (2017).

50. Zhang, X., Chen, X., Liang, P. & Tang, H. Cataloging plant genome
structural variations. Curr. Issues Mol. Biol. 27, 181-194 (2018).

51. Cunningham, F. J., Goh, N. S., Demirer, G. S., Matos, J. L. &

Landry, M. P. Nanoparticle-mediated delivery towards advancing
plant genetic engineering. Trends Biotechnol. 36, 882-897 (2018).

52. Martin, S. Purdue biology innovation allows the introduction
of valuable traits in plants without creating transgenic plants.
Purdue News Weekly (22 May, 2023).

53. Nagalakshmi, U., Meier, N., Liu, J.-Y., Voytas, D. F. &

Dinesh-Kumar, S. P. High-efficiency multiplex biallelic heritable
editing in Arabidopsis using an RNA virus. Plant Physiol. 189,
1241-1245 (2022).

54. Weiss, T. et al. Viral delivery of an RNA-guided genome editor for
transgene-free germline editing in Arabidopsis. Preprint at bioRxiv
https://doi.org/10.1101/2024.0717.603964 (2024).

55. Puchta, H. Regulation of gene-edited plants in Europe: from the
valley of tears into the shining sun? aBIOTECH 5, 231-238 (2024).

Acknowledgements

R.K.S. is supported by United States National Science Foundation
grants 10S-2149964 and MCB-2230587. H.P. is supported by

the Reinhard Koselleck Project Pu137/24-1 of the Deutsche
Forschungsgemeinschaft.

Author contributions
R.K.S. conceived the project. R.K.S., H.P. and L.G. wrote the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence should be addressed to R. Keith Slotkin.

Peer review information Nature Plants thanks Lee Hickey and
Fabien Nogue for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2025

Nature Plants


http://www.nature.com/natureplants
https://www.aphis.usda.gov/sites/default/files/24-172-01rsr.pdf
https://www.aphis.usda.gov/sites/default/files/24-172-01rsr.pdf
https://doi.org/10.1101/400507
https://doi.org/10.1101/2024.07.17.603964
http://www.nature.com/reprints

	The future of genome editing in plants

	How editing is used today

	How we envision editing technologies will be used in the future

	Current technologies to program SV

	Programming chromosomal deletions

	Methods of targeted insertion

	Programming duplications that alter copy number variation

	Programming chromosomal recombination

	Generating inversions that block recombination

	Translocations between chromosomes


	The new technologies that are needed

	Acknowledgements

	Fig. 1 Today’s use of CRISPR–Cas to generate small-scale indels at or near genes.
	Fig. 2 Key examples of medium-scale SV induced by genome editing.
	Fig. 3 Examples of large-scale SV induced by genome editing.




