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Brassica napus L. provides high-quality edible oil and clean energy for humans. For a long time, rapeseed

breeders have tried to breed improved varieties through traditional breeding strategies. However, B. napus is an

allotetraploid species containing many repetitive sequences. It is very inefficient to change traits through traditional

genetic methods such as hybridization and random mutagenesis due to gene redundancy. Today, the burgeoning

CRISPR/Cas9 technology has been applied in polyploid rapeseed for gene function research and targeted genetic

improvement because of its unique advantages of high efficiency and simplicity. 

gene-editing  CRISPR/Cas9  genetic improvement

1. Advantages of CRISPR/Cas9 Application in Polyploid
Rapeseed

Several potential limitations still worry researchers, such as multi-copy gene knockout and off-target effects. B.

napus is an allotetraploid species, and most genes in B. napus are multiple-copy genes with redundant functions

. Due to gene redundancy, it is very inefficient to change traits through random mutations. It is often necessary to

edit multiple genes to improve one trait. Fortunately, different single-guide RNAs (sgRNAs) can guide the Cas9

protein to specific sites, which offer an opportunity to achieve multiple gene editing by expressing Cas9 along with

the multiple sgRNAs . CRISPR/Cas9 technology has obvious advantages in polyploid rapeseed because

multiple mutations can be induced in one step. In rapeseed, the most common strategy is to introduce mutations at

multiple sites or genes concurrently by stacking multiple independent sgRNA-expressing cassettes. At present,

there are more and more studies on multi-copy gene knockout in B. napus using CRISPR/Cas9, which shows that

the prospect of CRISPR/Cas9 in the study of multi-copy gene function is encouraging in B. napus. The

CRISPR/Cas9 system is an efficient tool and widely used for crop improvement either by a single or multiplex

genome editing approach . Analyzing the functions of homologous genes and gene family members with high

sequence similarity frequently require multiple gene mutants. Based on many research facts are listed in this entry,

different sgRNAs connected in tandem show a huge advantage in multiple gene editing, due to their ability to

efficiently generate mutants with multiple gene mutations . The specificity of CRISPR/Cas9 technology for

targeted gene editing in plants is also a worrying issue. Generally, to ensure that mutation is as specific as

possible, potential off-target sites should be checked. Researchers can adopt some measures to avoid off-target

mutations as much as possible. For example, combined with other CRISPR/Cas9 online design tools, BLAST

searches against the Brassica genome using the full 23 nucleotide sequence (protospacer plus PAM) as a query

can allow the selection of guides with no, or a minimal number of, predicted off-targets . Recent studies report

that off-target mutations can be tackled by designing precise sgRNA . Therefore, it is essential to design sgRNAs
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with minimal off-target activities to avoid unexpected outcomes. Currently, to avoid off-target effects as much as

possible, several free online prediction tools, such as CRISPOR  and CCTop , have been used to help

researchers design sgRNA. Also, several machine learning-based methods for identifying sgRNAs with high on-

target activity have been developed and applied to sgRNA activity prediction in agronomy . The development

of these methods helps to identify the activity of designed sgRNA in crops and avoid unexpected results. This is

consistent with the conclusion of Matres, et al. : when gRNAs are carefully designed, off-target editing is

negligible, and the frequency of occurrence is much lower than naturally occurring diversity in plants. For rapeseed

breeders, the off-target mutation is not the main constraint, as any undesirable mutations will be low frequency,

predictable, and testable . In summary, CRISPR/Cas9-mediated genome editing technology has been proven to

simultaneously alter multiple homologous genes without any off-target editing and generates mutations that are

stable and heritable by offspring.

2. Identification of CRISPR Mutants and Detection of
Mutation Types in Rapeseed

Amplification of single copies by polymerase chain reaction (PCR) using paralog-specific primers is a common

method for identifying multi-copy mutants, followed by sequencing. For complex mutations, the amplicons need to

be subcloned into the T-vector, followed by monoclonal sequencing. Mutation analysis work usually requires a

large investment in sequencing costs and analysis time for lots of samples by Sanger sequencing. In addition,

complex chimeric mutations caused by genome editing are difficult to decode. The Hi-TOM method developed by

Liu, et al.  is gradually being more widely used because of its simplicity, rapidity, and high throughput. In this

method, only two rounds of PCR are needed to complete the construction of a multi-sample mixed sequencing

library. After obtaining the sequencing data, the resulting sequencing data are uploaded to the Hi-TOM online tool

(http://www.hi-tom.net/hi-tom/) to obtain the detailed mutation sequence of each locus of each sample and the

corresponding genotype information. At present, the Hi-TOM method has been applied in the identification of

rapeseed mutants .

3. CRISPR Transformation Receptor Restriction Needs to Be
Further Broken

So far, the application of CRISPR/Cas9 in rapeseed has mainly relied on stable transformation by Agrobacterium

tumefaciens to deliver the CRISPR vector. However, several excellent B. napus varieties are usually not easy to

transform due to a lack of the traits suitable for culture and regeneration . At present, the reported varieties for

Agrobacterium tumefaciens-mediated genetic transformation include spring rapeseed varieties and semi-winter

varieties, among which the spring varieties include Westar, 862, and Haydn, etc., and the semi-winter varieties

include J9707, J9712, and ZS6, etc. Also, there is a problem that more efficient transformation techniques are

required for recalcitrant commercial rapeseed varieties . One of the ways to help alleviate the bottleneck is to

use morphogenic genes. For maize, this bottleneck has been mitigated by using the morphogenic genes WUS2

and BBM . Over the past three decades, basic research has provided with a detailed understanding of the
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genes that control morphogenesis. These insights will continue to provide inspiration for testing morphogenetic

genes and, together with new methods to control expression, will lead to continuous improvements that expand the

range of different rapeseed varieties suitable for transformation . Moreover, the tissue culture procedures are

often technically demanding, time-consuming and laborious. Therefore, developing no-tissue-culture-required

delivery methods, such as nanoparticles or virus delivery, will contribute to further extending the application of

CRISPR/Cas9 in rapeseed.

4. Application of CRISPR/Cas9 in High-Throughput Gene
Editing

The precision, coverage, and flexibility provided by CRISPR/Cas9 are playing an important role in genome editing

in rapeseed improvement. In recent years, CRISPR technology has been developed rapidly and has shown

unparalleled advantages in high-throughput gene editing. The high efficiency of CRISPR/Cas9 technology is very

suitable for high-throughput gene editing in various organisms and cell types . Since the targeting specificity of

CRISPR/Cas9 is conferred by a 20bp sgRNA, array-based synthesis of oligonucleotide libraries on a large scale

can be easily generated. Such powerful genome-scale CRISPR/Cas9 mutagenesis systems have been

successfully used for rice and maize research . For example, Lu et al. (2017) used the CRISPR/Cas9 system

to perform genome-scale mutagenesis in rice and generated a library of targeted loss-of-function mutants, which

provided a useful resource for rice research and breeding. Furthermore, Liu et al. (2020) successfully targeted 743

candidate genes related to traits relevant for agronomy and nutrition by integrating multiplexed CRISPR/Cas9-

based high-throughput targeted mutagenesis with genetic mapping and genomic approaches, which provided the

guidance and reference for further optimizing experiments on high-throughput CRISPR in plants. In general, their

research proves that it is feasible for the powerful genome-scale CRISPR/Cas9 mutagenesis systems to be applied

to rapeseed. Utilizing this system to achieve high-throughput targeted gene editing and screen large-scale mutant

libraries will be a good way to identify novel genes that can improve target traits in rapeseed varieties.

5. Application Prospect of CRISPR/Cas Precise Genome
Editing in Rapeseed Improvement

Current progress in CRISPR technology has offered more and more opportunities for gene function study and

genetic improvement that have not been seen before . Clustered regularly interspaced short palindromic

repeats interference (CRISPRi) and CRISPR-mediated gene activation (CRISPRa), which both derive from the

CRISPR/Cas9 technology, can be used in gene functional studies. Both CRISPRi and CRISPRa can repress or

activate multiple target genes simultaneously with no detectable off-target activities . Furthmore, the

CRISPR/Cas system has been applied to live cell chromatin imaging  and manipulation of chromatin

topology . In general, CRISPRi/a technologies lead to transient changes in gene expression .

Epigenetics has been an attractive target for crop improvement as it is a key factor for controlling biological

pathways. DNA methylation, histone modification, and non-coding RNAs are all main epigenetic factors that

contribute to regulating gene expression. CRISPR provides a genomic targeting system capable of interfacing with
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many aspects of the epigenome. CRISPR/Cas-based genome and epigenome editing has been used to improve

drought stress tolerance in Arabidopsis by fusing dCas9 protein with a histone acetyltransferase (AtHA T1) and

using this fused CRISPR/dCas9 system to target the abscisic acid (ABA)-responsive element-binding protein1

(AREB1)/ABRE-binding factor2 (ABF2) . Two powerful emerging technologies, base editing and prime editing,

have been applied in plants and have greatly enhanced the effectiveness of gene editing for crop improvement 

. Desired changes can be installed by both base editors (BEs) and prime editors (PEs) without the donor DNA

and a DSB introduction in the genome . BEs and PEs generate edited plants with nucleobase precision as the

incidence of DSB is usually low during the editing process . BEs install C•G-to-T•A and A•T-to-G•C transitions

 and have been successfully used in plants . Several studies reported by Wu, et al.  suggest BEs

have become an efficient tool for precise genetic modification of important agronomic traits in rapeseed. However,

the base editing technologies only can generate the four transition mutations  and are constrained by the PAM

motif and the editing window . Fortunately, the recent breakthrough of prime editing based on the CRISPER/Cas

system can overcome these limitations . Prime editing has enabled search-and-replace editing instead of single

base substitutions, conferring precision genome editing by installing small insertions, deletions, point mutations,

and combination edits . Prime editing was first applied in human cells  and has since been quickly developed

for use in plants including rice , wheat , maize , and tomato  by multiple research groups

around the word. Compared to other gene-editing technologies, prime editing can reduce the risk of unwanted off-

target activities and poses few restrictions on the edited sequence . With continuous development and progress,

the CRISPR technology will likely further revolutionize basic research and precision breeding in rapeseed.

6. Government Regulation and the Future of Gene-Edited
Rapeseed

Although the exogenous DNA could be excluded from the gene-edited crops by progeny separation, it is still

difficult to commercialize gene-edited crops in many areas, such as the European Union and New Zealand, due to

their following a ‘process basis’ that leads to expensive and time-consuming genetically modified (GM) safety tests.

Recently, China’s agriculture ministry released preliminary guidelines which will be followed in the safety evaluation

of gene-edited plants without foreign genes. Since the release of the new regulations, Chinese researchers have

been very excited and eager to submit applications to use their gene-edited crops . The preliminary guidelines

state that gene-edited plants without foreign genes can directly apply for a production application safety certificate

after an intermediate test when target traits do not increase environmental safety and food safety risks. In China,

the process for receiving a biosafety certificate for gene-edited crops under the new guidelines shortens the

approval time to one to two years in comparison to the six years needed for a GM crop to get biosafety approval

. The new guidelines open the door to the commercialization of gene-edited crops and provide new

opportunities for Chinese breeders to develop gene-edited crops with superior traits.

At present, the CRISPR/Cas9 system has not been explored fully yet for trait improvement in rapeseed. One of the

main reasons is that most studies have relied on stable transformation by Agrobacterium tumefaciens, which leads

to randomness of gene insertion and is subject to GMO regulations. Developing transgene-free genome editing
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approaches in rapeseed are also required, which could provide a promising means for developing rapeseed

varieties with reduced regulatory limitations. In this direction, novel delivery methods that do not introduce

exogenous DNA may be able to avoid GM regulation. Recently, researchers have developed an optimized

protoplast transient transfection method in rapeseed, which is an efficient solution for delivering CRISPR

complexes . This optimized protoplast regeneration protocol will provide important guidance for other rapeseed

researchers. In addition, transgenic cotton was successfully produced by transforming pollen with magnetic

nanoparticles and then pollinating plants with this magnetofected pollen . Several other nanoparticles, including

carbon nanotubes , DNA origami, and DNA nanostructures  have been successfully investigated for

unassisted delivery of exogenous DNA. If delivery by nanomaterials without tissue culturing could be successfully

applied in CRISPR/Cas9 for rapeseed genome editing, it would be a shortcut to creating non-GM rapeseed while

avoiding strict GM regulations. With further development and remaining challenges gradually resolved, the

CRISPR/Cas9 technology will produce more excellent rapeseed germplasm resources and create great economic

value.

References

1. Chalhoub, B.; Denoeud, F.; Liu, S.; Parkin, I.; Tang, H.; Wang, X.; Chiquet, J.; Belcram, H.; Tong,
C.; Samans, B. Early allopolyploid evolution in the post-Neolithic Brassica napus oilseed genome.
Science 2014, 345, 950–953.

2. Cong, L.; Ran, F.A.; Cox, D.; Lin, S.L.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.B.; Jiang, W.Y.;
Marraffini, L.A.; et al. Multiplex genome engineering using CRISPR/Cas systems. Science 2013,
339, 819–823.

3. Lawrenson, T.; Shorinola, O.; Stacey, N.; Li, C.D.; Østergaard, L.; Patron, N.; Uauy, C.; Harwood,
W. Induction of targeted, heritable mutations in barley and Brassica oleracea using RNA-guided
Cas9 nuclease. Genome Biol. 2015, 16, 258–270.

4. Lohani, N.; Jain, D.; Singh, M.B.; Bhalla, P.L. Engineering multiple abiotic stress tolerance in
canola, Brassica napus. Front. Plant Sci. 2020, 11, 3.

5. Xiong, X.; Liu, W.; Jiang, J.; Xu, L.; Huang, L.; Cao, J. Efficient genome editing of Brassica
campestris based on the CRISPR/Cas9 system. Mol. Genet. Genom. 2019, 294, 1251–1261.

6. Lawrenson, T.; Hundleby, P.; Harwood, W. Creating targeted gene knockouts in Brassica oleracea
using CRISPR/Cas9. Methods Mol. Biol. 2019, 1917, 155–170.

7. Jacinto, F.V.; Link, W.; Ferreira, B.I. CRISPR/Cas9-mediated genome editing: From basic
research to translational medicine. J. Cell. Mol. Med. 2020, 24, 3766–3778.

8. Concordet, J.-P.; Haeussler, M. CRISPOR: Intuitive guide selection for CRISPR/Cas9 genome
editing experiments and screens. Nucleic Acids Res. 2018, 46, W242–W245.

[58]

[59]

[60][61] [62]



Application of CRISPR/Cas9 in Rapeseed | Encyclopedia.pub

https://encyclopedia.pub/entry/22090 6/10

9. Stemmer, M.; Thumberger, T.; Keyer, M.D.S.; Wittbrodt, J.; Mateo, J.L. CCTop: An intuitive,
flexible and reliable CRISPR/Cas9 target prediction tool. PLoS ONE 2015, 10, e0124633.

10. Niu, M.; Lin, Y.; Zou, Q. sgRNACNN: Identifying sgRNA on-target activity in four crops using
ensembles of convolutional neural networks. Plant Mol. Biol. 2021, 105, 483–495.

11. Hesami, M.; Najafabadi, M.Y.; Adamek, K.; Torkamaneh, D.; Jones, A.M.P. Synergizing off-target
predictions for in silico insights of CENH3 knockout in cannabis through CRISPR/Cas. Molecules
2021, 26, 2053.

12. Matres, J.M.; Hilscher, J.; Datta, A.; Armario-Nájera, V.; Baysal, C.; He, W.; Huang, X.; Zhu, C.;
Valizadeh-Kamran, R.; Trijatmiko, K.R.; et al. Genome editing in cereal crops: An overview.
Transgenic Res. 2021, 30, 461–498.

13. Liu, Q.; Wang, C.; Jiao, X.; Zhang, H.; Song, L.; Li, Y.; Gao, C.; Wang, K. Hi-TOM: A platform for
high-throughput tracking of mutations induced by CRISPR/Cas systems. Sci. China Life Sci.
2019, 62, 1–7.

14. Khan, M.H.U.; Hu, L.; Zhu, M.; Zhai, Y.; Khan, S.U.; Ahmar, S.; Amoo, O.; Zhang, K.; Fan, C.;
Zhou, Y. Targeted mutagenesis of EOD3 gene in Brassica napus L. regulates seed production. J.
Cell. Physiol. 2021, 236, 1996–2007.

15. Zhai, Y.; Yu, K.; Cai, S.; Hu, L.; Amoo, O.; Xu, L.; Yang, Y.; Ma, B.; Jiao, Y.; Zhang, C.; et al.
Targeted mutagenesis of BnTT8 homologs controls yellow seed coat development for effective oil
production in Brassica napus L. Plant Biotechnol. J. 2020, 18, 1153–1168.

16. Hamada, H.; Linghu, Q.; Nagira, Y.; Miki, R.; Taoka, N.; Imai, R. An in planta biolistic method for
stable wheat transformation. Sci. Rep. 2017, 7, 11443.

17. Zhang, Y.; Bhalla, P.L. In vitro shoot regeneration from commercial cultivars of Australian canola
(Brassica napus L.). Aust. J. Agric. Res. 2004, 55, 753–756.

18. Ananiev, E.V.; Wu, C.; Chamberlin, M.A.; Svitashev, S.; Schwartz, C.; Gordon-Kamm, W.; Tingey,
S. Artificial chromosome formation in maize (Zea mays L.). Chromosoma 2009, 118, 157–177.

19. Gordon-Kamm, B.; Sardesai, N.; Arling, M.; Lowe, K.; Hoerster, G.; Betts, S.; Jones, T. Using
morphogenic genes to improve recovery and regeneration of transgenic plants. Plants 2019, 8,
38.

20. Ran, F.A.; Hsu, P.D.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using
the CRISPR-Cas9 system. Nat. Protoc. 2013, 8, 2281–2308.

21. Liu, H.-J.; Jian, L.M.; Xu, J.T.; Zhang, Q.H.; Zhang, M.L.; Jin, M.L.; Peng, Y.; Yan, J.L.; Han, B.Z.;
Liu, J.; et al. High-throughput CRISPR/Cas9 mutagenesis streamlines trait gene identification in
maize. Plant Cell 2020, 32, 1397–1413.



Application of CRISPR/Cas9 in Rapeseed | Encyclopedia.pub

https://encyclopedia.pub/entry/22090 7/10

22. Lu, Y.M.; Ye, X.; Guo, R.M.; Huang, J.; Wang, W.; Tang, J.Y.; Tan, L.T.; Zhu, J.-K.; Chu, C.C.;
Qian, Y.W. Genome-wide targeted mutagenesis in rice using the CRISPR/Cas9 system. Mol.
Plant 2017, 10, 1242–1245.

23. Gao, C. Genome engineering for crop improvement and future agriculture. Cell 2021, 184, 1621–
1635.

24. Zhang, Y.; Malzahn, A.A.; Sretenovic, S.; Qi, Y. The emerging and uncultivated potential of
CRISPR technology in plant science. Nat. Plants 2019, 5, 778–794.

25. Gilbert, L.A.; Larson, M.H.; Morsut, L.; Liu, Z.; Brar, G.A.; Torres, S.E.; Stern-Ginossar, N.;
Brandman, O.; Whitehead, E.H.; Doudna, J.A.; et al. CRISPR-mediated modular RNA-guided
regulation of transcription in eukaryotes. Cell 2013, 154, 442–451.

26. Qi, L.S.; Larson, M.H.; Gilbert, L.A.; Doudna, J.A.; Weissman, J.S.; Arkin, A.P.; Lim, W.A.
Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene
expression. Cell 2013, 152, 1173–1183.

27. Khosravi, S.; Ishii, T.; Dreissig, S.; Houben, A. Application and prospects of CRISPR/Cas9-based
methods to trace defined genomic sequences in living and fixed plant cells. Chromosom. Res.
2020, 28, 7–17.

28. Wu, X.; Mao, S.; Ying, Y.; Krueger, C.J.; Chen, A.K. Progress and challenges for live-cell imaging
of genomic loci using CRISPR-based platforms. Genom. Proteom. Bioinform. 2019, 17, 119–128.

29. Fu, Y.; Rocha, P.; Luo, V.M.; Raviram, R.; Deng, Y.; Mazzoni, E.O.; Skok, J.A. CRISPR-dCas9
and sgRNA scaffolds enable dual-colour live imaging of satellite sequences and repeat-enriched
individual loci. Nat. Commun. 2016, 7, 11707.

30. Ma, H.; Naseri, A.; Reyes-Gutierrez, P.; Wolfe, S.A.; Zhang, S.; Pederson, T. Multicolor CRISPR
labeling of chromosomal loci in human cells. Proc. Natl. Acad. Sci. USA 2015, 112, 3002–3007.

31. Yim, Y.Y.; Teague, C.D.; Nestler, E.J. In vivo locus-specific editing of the neuroepigenome. Nat.
Rev. Neurosci. 2020, 21, 471–484.

32. Adli, M. The CRISPR tool kit for genome editing and beyond. Nat. Commun. 2018, 9, 1911.

33. Rodriguez, D.C.; Gjaltema, R.A.F.; Jilderda, L.J.; Jellema, P.; Dokter-Fokkens, J.; Ruiters, M.H.J.;
Rots, M.G. Writing of H3K4Me3 overcomes epigenetic silencing in a sustained but context-
dependent manner. Nat. Commun. 2016, 7, 12284.

34. Amabile, A.; Migliara, A.; Capasso, P.; Biffi, M.; Cittaro, D.; Naldini, L.; Lombardo, A. Inheritable
silencing of endogenous genes by hit-and-run targeted epigenetic editing. Cell 2016, 167, 219–
232.

35. Paixão, J.F.R.; Gillet, F.-X.; Ribeiro, T.P.; Bournaud, C.; Lourenço-Tessutti, I.T.; Noriega, D.D.; De
Melo, B.P.; De Almeida-Engler, J.; Grossi-De-Sa, M.F. Improved drought stress tolerance in



Application of CRISPR/Cas9 in Rapeseed | Encyclopedia.pub

https://encyclopedia.pub/entry/22090 8/10

Arabidopsis by CRISPR/dCas9 fusion with a Histone AcetylTransferase. Sci. Rep. 2019, 9, 8080.

36. Nadakuduti, S.S.; Enciso-Rodríguez, F. Advances in genome editing with CRISPR systems and
transformation technologies for plant DNA manipulation. Front. Plant Sci. 2020, 11, 637159.

37. Xia, X.; Cheng, X.; Li, R.; Yao, J.; Li, Z.; Cheng, Y. Advances in application of genome editing in
tomato and recent development of genome editing technology. Theor. Appl. Genet. 2021, 134,
2727–2747.

38. Molla, K.A.; Sretenovic, S.; Bansal, K.C.; Qi, Y.P. Precise plant genome editing using base editors
and prime editors. Nat. Plants 2021, 7, 1166–1187.

39. Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable editing of a target base
in genomic DNA without double-stranded DNA cleavage. Nature 2016, 533, 420–424.

40. Nishida, K.; Arazoe, T.; Yachie, N.; Banno, S.; Kakimoto, M.; Tabata, M.; Mochizuki, M.; Miyabe,
A.; Araki, M.; Hara, K.Y.; et al. Targeted nucleotide editing using hybrid prokaryotic and vertebrate
adaptive immune systems. Science 2016, 353, aaf8729.

41. Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I.; Liu, D.R.
Programmable base editing of A•T to G•C in genomic DNA without DNA cleavage. Nature 2017,
551, 464–471.

42. Li, J.Y.; Sun, Y.W.; Du, J.L.; Zhao, Y.D.; Xia, L.Q. Generation of targeted point mutations in rice by
a modified CRISPR/Cas9 system. Mol. Plant 2017, 10, 526–529.

43. Ren, B.; Yan, F.; Kuang, Y.J.; Li, N.; Zhang, D.W.; Zhou, X.P.; Lin, H.H.; Zhou, H.B. Improved
base editor for efficiently inducing genetic variations in rice with CRISPR/Cas9-guided hyperactive
hAID mutant. Mol. Plant 2018, 11, 623–626.

44. Wu, J.; Chen, C.; Xian, G.; Liu, D.; Lin, L.; Yin, S.; Sun, Q.; Fang, Y.; Zhang, H.; Wang, Y.
Engineering herbicide-resistant oilseed rape by CRISPR/Cas9-mediated cytosine base-editing.
Plant Biotechnol. J. 2020, 18, 1857–1859.

45. Rajput, M.; Choudhary, K.; Kumar, M.; Vivekanand, V.; Chawade, A.; Ortiz, R.; Pareek, N. RNA
interference and CRISPR/Cas gene editing for crop improvement: Paradigm shift towards
sustainable agriculture. Plants 2021, 10, 1914.

46. Li, J.; Li, H.; Chen, J.; Yan, L.; Xia, L. Toward precision genome editing in crop plants. Mol. Plant
2020, 13, 811–813.

47. Anzalone, A.V.; Koblan, L.W.; Liu, D.R. Genome editing with CRISPR–Cas nucleases, base
editors, transposases and prime editors. Nat. Biotechnol. 2020, 38, 824–844.

48. Anzalone, A.V.; Randolph, P.B.; Davis, J.R.; Sousa, A.A.; Koblan, L.W.; Levy, J.M.; Chen, P.J.;
Wilson, C.; Newby, G.A.; Raguram, A.; et al. Search-and-replace genome editing without double-
strand breaks or donor DNA. Nature 2019, 576, 149–157.



Application of CRISPR/Cas9 in Rapeseed | Encyclopedia.pub

https://encyclopedia.pub/entry/22090 9/10

49. Tang, X.; Sretenovic, S.; Ren, Q.R.; Jia, X.Y.; Li, M.K.; Fan, T.T.; Yin, D.S.; Xiang, S.Y.; Guo, Y.H.;
Liu, L.; et al. Plant prime editors enable precise gene editing in rice cells. Mol. Plant 2020, 13,
667–670.

50. Lin, Q.; Zong, Y.; Xue, C.; Wang, S.; Jin, S.; Zhu, Z.; Wang, Y.; Anzalone, A.V.; Raguram, A.;
Doman, J.L.; et al. Prime genome editing in rice and wheat. Nat. Biotechnol. 2020, 38, 582–585.

51. Li, H.Y.; Li, J.Y.; Chen, J.L.; Yan, L.; Xia, L.Q. Precise modifications of both exogenous and
endogenous genes in rice by prime editing. Mol. Plant 2020, 13, 671–674.

52. Hua, K.; Jiang, Y.W.; Tao, X.P.; Zhu, J.K. Precision genome engineering in rice using prime editing
system. Plant Biotechnol. J. 2020, 18, 2167–2169.

53. Butt, H.; Rao, G.S.; Sedeek, K.; Aman, R.; Kamel, R.; Mahfouz, M. Engineering herbicide
resistance via prime editing in rice. Plant Biotechnol. J. 2020, 18, 2370–2372.

54. Jiang, Y.-Y.; Chai, Y.-P.; Lu, M.-H.; Han, X.-L.; Lin, Q.P.; Zhang, Y.; Zhang, Q.; Zhou, Y.; Wang, X.-
C.; Gao, C.X.; et al. Prime editing efficiently generates W542L and S621I double mutations in two
ALS genes in maize. Genome Biol. 2020, 21, 257.

55. Lu, Y.M.; Tian, Y.F.; Shen, R.D.; Yao, Q.; Zhong, D.T.; Zhang, X.N.; Zhu, J.K. Precise genome
modification in tomato using an improved prime editing system. Plant Biotechnol. J. 2021, 19,
415–417.

56. Xu, H.; Zhang, L.; Zhang, K.; Ran, Y. Progresses, challenges, and prospects of genome editing in
soybean (Glycine max). Front. Plant Sci. 2020, 11, 571138.

57. Mallapaty, S. China’s approval of gene-edited crops energizes researchers. Nature 2022, 602,
559–560.

58. Li, X.; Sandgrind, S.; Moss, O.; Guan, R.; Ivarson, E.; Wang, E.S.; Kanagarajan, S.; Zhu, L.-H.
Efficient protoplast regeneration protocol and CRISPR/Cas9-mediated editing of glucosinolate
transporter (GTR) genes in rapeseed (Brassica napus L.). Front. Plant Sci. 2021, 12, 680859.

59. Zhao, X.; Meng, Z.G.; Wang, Y.; Chen, W.J.; Sun, C.J.; Cui, B.; Cui, J.H.; Yu, M.L.; Zeng, Z.H.;
Guo, S.D.; et al. Pollen magnetofection for genetic modification with magnetic nanoparticles as
gene carriers. Nat. Plants 2017, 3, 956–964.

60. Kwak, S.-Y.; Lew, T.T.S.; Sweeney, C.J.; Koman, V.B.; Wong, M.H.; Bohmert-Tatarev, K.; Snell,
K.D.; Seo, J.S.; Chua, N.-H.; Strano, M.S. Chloroplast-selective gene delivery and expression in
planta using chitosan-complexed single-walled carbon nanotube carriers. Nat. Nanotechnol.
2019, 14, 447–455.

61. Demirer, G.S.; Zhang, H.; Matos, J.L.; Goh, N.S.; Cunningham, F.J.; Sung, Y.; Chang, R.;
Aditham, A.J.; Chio, L.; Cho, M.-J.; et al. High aspect ratio nanomaterials enable delivery of



Application of CRISPR/Cas9 in Rapeseed | Encyclopedia.pub

https://encyclopedia.pub/entry/22090 10/10

functional genetic material without DNA integration in mature plants. Nat. Nanotechnol. 2019, 14,
456–464.

62. Zhang, H.; Demirer, G.S.; Zhang, H.; Ye, T.; Goh, N.S.; Aditham, A.J.; Cunningham, F.J.; Fan, C.;
Landry, M.P. DNA nanostructures coordinate gene silencing in mature plants. Proc. Natl. Acad.
Sci. USA 2019, 116, 7543–7548.

Retrieved from https://encyclopedia.pub/entry/history/show/53591


