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Abstract 

 

The main concern of today's scientists is the sustainable development of agriculture to achieve global food and 

nutrition security. Genome editing technology is recognized worldwide for its potential for sustainable agricultural 

intensification. In this paper, applications of genome editing in maize were analyzed and exemplified, based on 

statistical data collected from the EU-SAGE Database from January 1996 to July 2023. In addition, the existing 

regulations for this new technology were also discussed. The results showed that, so far, 51 applications of maize 

genome editing have been reported in the EU-SAGE database, and the CRISPR/Cas system was the most used 

genome editing tool with the potential to rapidly generate new genotypes with high yield, improved quality, and 

stresses resistance. Most applications were developed in China and the USA. Due to current GMO legislation and 

political indecision regarding the authorization of genome-edited products, the European Union is not yet able to 

use and cultivate these new improved genotypes. 
 
Key words: CRISPR/Cas, genome-edited products, improved traits, maize 

 

INTRODUCTION  
 

The continuous growth of the global 

population, which is estimated to reach 10 

billion people in 2050, requires a proportional 

increase in food production [16]. 

In order to more quickly obtain cultivars 

resistant to current threats and increase the 

amount of food, it is necessary to use efficient 

and safe molecular tools [19]. 

Maize (Zea mays) is one of the most 

important crops that provide a major source of 

food globally, having multiple uses (food for 

humans, fodder, raw material for various 

industries, biofuel) [7, 39].  

The current climate changes threaten the 

global production of maize and other major 

agricultural crops. For example, in years of 

severe drought, Europe (the third largest 

maize-producing region in the world after the 

Americas and Asia) recorded a reduction in 

total maize production of 37.9 million tons in 

2015, of 24.1 million tons in 2016 and 30.9 

million tons in 2017 compared to 2021, and 

Americas recorded reductions of 70.4 million 

tons in 2015, of 15.9 million tons in 2016, of 

13.9 million tons in 2017 compared to 2021 

[10]. 

A recent IPCC report [18] shows that to 

reduce future losses in maize yield, improved 

agricultural practices by developing new 

cultivars with good genetic adaptation are 

needed. To overcome these challenges and 

improve its production and quality, scientists 

have used various new biotechnological tools. 

Genome editing techniques comprise a set of 

tools developed to precisely modify genomes 

using variants of SDN (site-directed nuclease) 

technologies and ODM (oligonucleotide-

directed mutagenesis). Thus, new SDN 

systems based on Zinc Finger Nucleases 

(ZFN), Meganucleases, and Transcription 

Activator-Like Effector Nucleases (TALEN) 

have been successfully used to generate 

targeted genomic changes in various crops 

[28]. However, these tools are considered 

very expensive and time- and labor-

consuming. Relatively recently, a new SDN 

system, namely Clustered Regularly 

Interspaced Short Palindromic Repeats 

(CRISPR)/CRISPR associated protein (Cas) 

began to be used for the rapid improvement of 

agricultural crops, including for maize [2, 17]. 

Unlike transgenic plant modification that 

produces involuntary gene insertions, genome 
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editing techniques produce well-defined 

mutations, and new genotypes can be used 

reliably without major concerns [34].  

Transgenic crops and foods are a solution to 

the limitations of conventional breeding and 

ensuring food security, but they are strictly 

regulated regarding their use and marketing, 

and some international markets do not accept 

them at all [1]. According to [14], the changes 

generated by the application of genome 

editing tools are identical to those derived 

from conventional breeding or 

natural/induced mutations. As a result of the 

acceptance as non-GM of the cultivars 

developed by genome editing both in the 

countries that produce about 80% of the 

global crops, as well as in other countries, it is 

expected that this new technology will 

contribute to the democratization of 

agricultural biotechnology for the benefit of 

sustainable food production [16].  

New germplasm developed through genome 

editing tools promise opportunities and 

benefits for farmers, consumers and society 

[32]. This paper presents information about 

genome editing applications in maize, one of 

the most important crops worldwide with 

implications for ensuring food security. 
 

MATERIALS AND METHODS  
 
This paper was carried out using statistical 

data collected from the EU-SAGE Database 

[9] for the period January 1996 to July 2023 

and other sources. 

The main aspects addressed were: the 

distribution of maize genome editing 

applications according to genome editing 

tools, SDN type, countries and different traits 

categories. The obtained results were 

synthetically illustrated in graphs and tables. 

Recent examples of applications to improve 

the main traits in maize were presented. 

Also, the existing regulations in different 

countries for these new technologies were 

summarized and discussed. 

 

RESULTS AND DISCUSSIONS 
 
The distribution of genome editing 
applications in maize  

So far, genome editing has been applied to 

more than 63 crops from 25 countries [5].  

As shown in Figure 1, between January 1996 

and July 2023, a number of 757 applications 

were reported, the largest shares in the 

structure of the studied crops occupying rice 

(32%), tomatoes (14%), maize (7 %) soybean 

(6%) and wheat (6%). Maize registered 51 

applications. 

 

 
Fig. 1. The distribution of genomic editing applications 

by studied crops 

Source: Own design and processing based on the data 

from [9]. 

 

Regarding genome editing tools, the use of 

the CRISPR/Cas system was reported in 38 

applications out of a total of 51 maize 

applications, being the most used tool in the 

creation of new improved genotypes, 

compared to ZFN and other tools (Figure 2). 

 

 
Fig. 2. The distribution of genomic editing applications 

in maize by genome editing tools 

Legend: BE = Base Editing; PE = Primary Editing; 

ODM = Oligonucleotide-Directed Mutagenesis; 

TALEN= Transcription Activator-Like Effector 

Nucleases; ZFN = Zinc Finger Nucleases; CRISPR/Cas 

= Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR)/CRISPR associated protein (Cas) 

Source: Own design and processing based on the data 

from [9]. 
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The CRISPR system was discovered in 1987 

by Ishino and his colleagues when they were 

studying the iap gene in the E. coli genome 

[34]. The working principle of the innovative 

CRISPR/Cas9 tool was elucidated in 2012 

[20], and since 2013 it has been applied in 

several fields, including crops both to increase 

the efficiency of gene knockout and to enable 

multiple genes knockouts [41]. 

ZFNs (Zinc-Finger-directed nuclease) were 

discovered in 1996 by [21], and in 2009 they 

were successfully used by researchers from 

the USA in maize to reduce phytate [35].  

TALENs (Transcription Activator-Like 

Effector Nucleases) were discovered in 1989 

in a bacterium called Xanthomonas [3], and in 

2013 it was used in maize to reduce phytic 

acid (PA) synthesis in seeds, this acid being 

considered an anti-nutritional factor because it 

chelates the micronutrients in food thus 

preventing their absorption [25]. 

The efficiency of genome editing mediated by 

chimeric oligonucleotides (ODM) in maize 

was reported in a 1999 study by [42].  

Since 2020, base editors (BE) and primary 

editors (PE) based on dCas9 and nCas9 have 

been frequently used in plant genome editing, 

being 10 to 100 times more efficient than 

homology-directed repair (HDR) [41]. 

Until now, the use of directed base editing 

(BE) of a target cytosine to thymine (C to T) 

has been reported in a single case in maize for 

generated sulfonylurea herbicide-resistant, but 

it is believed that the improvement of this 

technique will become a basic tool in 

precision crop breeding [22].  

There are three categories of genetic changes 

generated by genome editing, namely three 

types of site-directed nuclease (SDN) 1/2/3, 

and according to the European Commission, 

SDN1 genetic changes are called "targeted 

mutagenesis", being considered similar to 

changes that they can appear spontaneously or 

due to conventional breeding [5]. 

Figure 3 shows that the highest percentage of 

maize applications was based on genetic 

changes belonging to the SDN1 type (93%). 

The highest number of maize applications was 

reported in China (26) and USA (21), but 

research on maize genome editing also 

appeared in Europe (Figure 4).  

For maize, the most important group of 

applications addresses yield and growth of 

plant (25%), industrial utilization (25%), 

food/feed quality (20%) and herbicide 

tolerance (18%) (Table 1). 

All these improvements in targeted traits are 

related to the climatic, economic and 

agronomic challenges faced by farmers.   

 

 
Fig. 3. The distribution of genomic editing applications 

in maize by SDN type  

Source: Own design and processing based on the data 

from [9]. 

 

 
Fig. 4. The distribution of genomic editing applications 

in maize by countries 

Source: Own design and processing based on the data 

from [9]. 

 

Improvement of grain yield 

Improving crop yield is a major objective of 

breeding programs.The main traits related to 

yield are number, weight and  grain size. 

Recent research has shown the importance of 

new genomic techniques/tools in increasing 

the yield of maize and other crops. 

For example, by using CRISPR/Cas9 

technology, [26] created weak promoter 

alleles of CLE genes with increased grains per 

ear and maize yield. 
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Tassel branch number is another important 

agronomic trait for seed production because it 

provides pollen for hybridization. 

Over the course of modern breeding, male 

inflorescence (tassel ) size and branch number 

have been reduced [12]. 

 
Table 1. The distribution of genome editing applications in maize by different traits 

Categories of traits Modifications No. % 

Traits related to increased plant 

yield and growth 

Improved field performance and increased plant yield due 

to architectural changes 

13 25 

Traits related to industrial 

utilization 

Generating male sterility lines (MLS); enhanced haploid 

induction; trait stacking. 

13 25 

Traits related to improved 

food/feed quality 

Sweeter kernels; reduced phytic acid (PA) synthesis in 

seeds; aromatic maize, modified composition, etc 

10 20 

Traits related to herbicide 

tolerance 

Herbicide resistance 9 18 

Traits related to biotic stress 

tolerance 

 

Fungal resistance; visual detection of maize chlorotic 

mottle virus (MCMV); resistance to ear rot caused by 

Fusarium verticillioides 

4 8 

Traits related to abiotic stress 

tolerance 

Drought tolerance 2 4 

Source: Own design and processing based on the data from [9].  

 

Recently, [15] showed that loss of ZmPAT7 

function induced significant increases in tassel 

branch number. 

Doubled haploid technology based on haploid 

induction in vivo is frequently used in maize 

breeding for the development of homozygous 

lines in 2-3 generations [33]. 

For example, [24] reported that the 

CRISPR/Cas9 system generated mutant of 

Zea mays PHOSPHOLIPASE D3 (ZmPLD3) 

could increase haploid induction in maize, and 

[33] showed that the generation of mutants for 

the ZmPLA1 gene in the maize inbred line 

LM13 by CRISPR/Cas9 technology can 

increase the rate of haploid induction. Using 

CRISPR/Cas9 technology, [23] created 

double knockout mutants of ZmPHYC1 and 

ZmPHYC2 that showed a moderate early 

flowering phenotype under long-day 

conditions, providing valuable target genes to 

breeding high-density tolerant maize 

genotypes. Also, [13] created CRISPR-waxy 

hybrids that are agronomically superior to 

introgressed hybrids, producing on average 

5.5 bushels per acre more. 

Improvement of quality 
The physical characteristics (color, size, 

texture, etc.) as well as the content in 

bioactive substances (flavonoids, carotenoids, 

etc.) and specific nutrients (protein, lipids, 

starch, etc.) influence the quality of the crops. 

Sweet and waxy maize has recently recorded 

increasing demands from the consumer 

market [36]. 

By using CRISPR/Cas tool and editing the 

ZmSH2 and ZmWAXY1 genes, [6] produced 

sweet and waxy compound maize. 

 Also, by simultaneously editing the genome 

of the two BADH2 genes (ZmBADH2a and 

ZmBADH2b), [38] generated a double mutant 

capable of accumulating between 0.028 and 

0.723 mg/kg 2AP (2-acetyl-1-pyrroline), 

which is the first aromatic maize in the world. 

Improvement of resistance to biotic stress 
Bacterial, fungal and viral diseases can 

significantly reduce the yield and quality of 

maize crops if pesticides are not applied. 

These pesticides are expensive and harmful to 

the environment and biodiversity. It is 

estimated that fungal diseases and 

lepidopteran pests can cause damage of more 

than 20% or 30% of maize yield [39]. 

Fusarium ssp. causes fusarium ear rot in 

maize, a dangerous fungal disease that leads 

to significant yield reductions but also to 

contamination with mycotoxins that endanger 

animal and human health. It can also cause 

fusarium head blight in wheat for maize-

wheat rotation systems [27]. 

Research into the applications of new 

genomic techniques to improve resistance to 

bacteria, fungi and viruses is numerous.  
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For example, [27] showed that the targeted 

generation of null mutants in ZmFER1 in 

maize by using the CRISPR/Cas9 system 

could confer resistance to Fusarium 

verticillioides. Another recent application of 

CRISPR/Cas 9 system in maize aimed at the 

generation of mutations with the loss of 

function of the LOX3 gene, the mutant plants 

manifesting resistance to Ustilago maydis 

which causes galls on all aerial parts of the 

plant [31].  

Improvement of tolerance to abiotic stress 
Efforts to improve crop yield and quality are 

hampered by numerous abiotic stresses 

(drought, heat, salinity, soil pollution). 

It is estimated that the annual yield loss due to 

drought is over 20% of the maize area, and 

due to high temperatures the global yield loss 

is 7.4% for every 1°C increase [39]. 

Research carried out in maize by editing the 

ZmNUDX2 and ZmNUDX8 genes mediated by 

the CRISPR/Cas9 system showed an 

improvement in drought tolerance [30]. Also, 

a mutation of the ZmLBD5, which is involved 

in the regulation of growth and response to 

drought by affecting the synthesis of 

gibberellin (GA) and abscisic acid (ABA), can 

improve the drought resistance of maize [11].  

Improvement of herbicide tolerance 
Yield and plant growth are often limited by 

weed competition. Weed management is 

based on the use of herbicides, but their 

overuse and the lack of new active ingredients 

has led to the growth of resistant weeds. An 

economic and ecological approach to 

combating them is the use of cultivars 

resistant to herbicides. Recent research has 

shown that the use of new genome editing 

techniques can accelerate the development o 

genotypes tolerant to various herbicides. 

For example, the CRISPR/Cas9 system was 

used to generate a homozygous ZmALS1 

mutation or a ZmALS1 and ZmALS2 double 

mutation in maize that produce plants tolerant 

to chlorsulfuron, a sulfonylurea herbicide 

commonly used in agriculture [22].  

Improvement of traits to industrial 
utilization 

For hybrid seed production, creating male-

sterile genotypes is very important, saving 

labor and time. 

 As a result, researchers have used 

CRISPR/Cas9 tool to develop new crop 

genotypes, including genotypes of maize. 

For example, [4] constructed a CRISPR/Cas9 

vector that targeted the MS8 gene mutation in 

maize. The mutations generated showed male-

sterile phenotypes that were stably inherited 

in subsequent generations. [29] targeted the 

editing of the gene Zm00001d043909 

(ZmCals12) in maize. In addition to male 

sterility, the obtained maize ms39 mutant also 

showed plant dwarfing.  

Combining haploid technology with 

CRISPR/Cas system has successfully 

generated various haploid inducers for 

industrial use. Thus, mutations of ZmPLD3 

[24] and ZmDMP [40] led to an increase in 

the rate of haploid induction. 

Regulatory status of genome-edited 
products 
The main limitations of genome editing 

products are legal regulation and consumer 

acceptance. 

To legally classify SDN genome editing 

applications, the SDN 1/2/3 terminology was 

used. According to [28], these three types of 

SDNs are explained as follows: 

- SDN 1: the induction of single point 

mutations or InDels; 

- SDN 2: short insertions or editing of a few 

base pairs by an external DNA template 

sequence 

- SDN 3: the insertion long DNA fragments 

(e.g. transgenes, cisgenes). 

The scientific community considers that the 

mutations generated by SDN 1 and SDN 2 do 

not differ from those induced by conventional 

breeding or natural mutations, therefore they 

should not be subject to the existing 

regulation for GMOs. In general, SDN-3s are 

subject to GMO regulations because they 

introduce foreign genes [28]. However, 

opinions differ from country to country. For 

the main countries that regulate genome-

edited products developed by SDN 1 and 

SDN 2, [37] described two general positions 

each with two approaches (Table 2). 
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The USA has different regulatory approaches 

depending on the use of genome editing for 

crops, animals or food. Also, in Australia 

genome editing techniques that are considered 

SDN 1 are exempt from regulation, while 

SDN 2 are subject to regulation. It is noted 

that most countries apply approaches 2 and 3. 

 
Table 2. Position and approaches for regulation of genome-edited products by countries 

Position Approaches Countries 

I. GMO regulations are 

applied as it is to genome-

edited products  

Approach 1:  

Applying GMO regulations as they 

are, requiring prior government 

safety assessment and approval. 

EU, New Zealand, 

USA - for animals through the Food and 

Drug Administration (under review). 

Approach 2:  

Simplified GMO regulations 

Australia (SDN 1), China, India,  New 

Zealand 

II. Genome-edited products 

are exempt from GMO 

regulations  

Approach 3: Requires confirmation 

by the government before placing 

the product on the market 

Argentina, Brazil, Chile, Colombia, 

Paraguay, Philippine, 

USA - for food through the Food and Drug 

Administration  

Approach 4: Prior confirmation is 

not required by the government  

Australia (SDN 2), 

USA - to regulate crops through the USDA 

and Environmental Protection Agency 

(under review). 

Source: [37]. 

 

In European Union, in 2018, the Court of 

Justice (CJEU) has clarified that those 

organisms from new genome editing 

techniques fall within the scope of EU GMO 

legislation. Before 2018, they were not 

subject to GMO legislation, with member 

states free to create their own policies. 

However, in 2021 the European Commission 

published a study on the status of new 

genomic techniques under EU legislation, and 

based on the results of this study, initiated a 

political action involving an impact 

assessment, including a public consultation 

through which a proposal for a new regulation 

on plants produced by certain new genomic 

techniques. The proposal, adopted on 5 July 

2023, is part of a package of legislative 

proposals to support EU farm-to-food and 

biodiversity strategies [8].  

 

CONCLUSIONS 
 
Consumers are the final recipients of crops 

and foods obtained through new genomic 

techniques, which is why they need to have 

up-to-date information on the progress of 

genome editing applications and their safety. 

Increasing consumer confidence and resolving 

political issues will enable new genomic 

techniques to contribute more to agricultural 

sustainability. 

So far, 51 genome editing applications in 

maize have been reported in the EU-Sage 

database. Most genome editing applications 

(38) have been carried out using the 

CRISPR/Cas system, and China is the world 

leader in these research and applications. 

These applications promise opportunities and 

benefits not only for consumers (due to 

improved nutritional value and food safety) 

but also for farmers (due to increased 

resistance to drought, heat, diseases, pests, 

and weeds) as well as for society (due to the 

protection of biodiversity in agricultural 

systems)  

Due to current GMO legislation and political 

indecision regarding the authorization of 

genome-edited products, the European Union 

cannot yet use and cultivate these new 

genotypes. 

 

REFERENCES 
 

[1]Bhatta, B.P., Malla, S., 2020, Improving 

horticultural crops via CRISPR/Cas9: Current 

successes and prospects. Plants, 9(10):1360. doi: 

10.3390/plants9101360. 

[2]Bonea, D., 2022, Applications of the CRISPR/cas9 

technique in maize and wheat breeding. Annals of the 

University of Craiova - Agriculture, Montanology, 

Cadastre Series, 52(1):51-58.   



Scientific Papers Series Management, Economic Engineering in Agriculture and Rural Development  
Vol. 23, Issue 4, 2023 
PRINT ISSN  2284-7995, E-ISSN 2285-3952  

119 

[3]Bonas, U., Stall, R.E., Staskawicz, B., 1989, Genetic 

and structural characterization of the avirulence 

gene avrBs3 from Xanthomonas campestris pv. 

vesicatoria. Mol. Gen. Genet., 218(1):127-136. 

doi: 10.1007/BF00330575. 

[4]Chen, R., Xu, Q., Liu, Y., Zhang, J., Ren, D., Wang, 

G., Liu, Y., 2018, Generation of transgene-free maize 

male sterile using CRISPR/Cas9 system. Front. Plant 

Sci., 9:1180. Doi:10.3389/fpls.2018.01180. 

[5]Dima, O., Heyvaert, Y., Inze, D., 2022, Interactive 

database of genome editing applications in crops and 

future policy making in the European Union. Trends in 

Plant Science, 27(8): 746-748. 

[6]Dong, L., Qi, X., Zhu, J., Liu, C., Zhang, X., Cheng, 

B., Mao, L., Xie, C., 2019, Supersweet and waxy: 

meeting the diverse demands for specialty maize by 

genome editing. Plant Biotechnol. J., 17(10):1853-

1855. doi: 10.1111/pbi.13144. 

[7]Dunareanu, I.C., Bonea, D., 2022, Evaluation of 

maize hybrids for grain yield and quality traits under 

field conditions from Southwestern Romania. Scientific 

Papers. Series A. Agronomy, LXV(2): 201-207. 

[8]European Commission (EU), 2023, New techniques 

in biotechnology. 

 https://food.ec.europa.eu/plants/genetically-modified-

organisms/new-techniques-biotechnology_en, 

Accessed on 6 August, 2023. 

[9]European Sustainable Agriculture Throught Genome 

Editing, 2023, EU-SAGE DATABASE. 

https://www.eu-sage.eu/, Accessed on 1 August, 2023. 

[10]FAOSTAT., 2023, Crops and livestock products, 

https://www.fao.org/faostat/en/#data/QCL, Accessed 

on 29 July, 2023. 

[11]Feng, X., Xiong, J., Zhang, W., Guan, H., Zheng, 

D., Xiong, H., Jia, L., Hu, Y., Zhou, H., Wen, Y., 

Zhang, X., Wu, F., Wang, Q., Xu, J., Lu, Y., 2022, 

Zmlbd5, a class-ii lbd gene, negatively regulates 

drought tolerance by impairing abscisic acid 

synthesis. Plant J., 112(6):1364-1376.  

https://doi.org/10.1111/tpj.16015. 

[12]Gage, J.L., White, M.R., Edwards, J.W., Kaeppler, 

S., de Leon, N., 2018, Selection signatures underlying 

dramatic male inflorescence transformation during 

modern hybrid maize breeding. Genetics, 210(3):1125-

1138. doi: 10.1534/genetics.118.301487.  

[13]Gao, H., Gadlage, M. J., Lafitte, H. R., Lenderts, 

B., Yang, M., Schroder, M., Farrell, J., Snopek, K., 

Peterson, D., Feigenbutz, L., Jones, S., Clair, G., Rahe, 

M., Sanyour-Doyel, N., Peng, C., Wang, L., Young, 

J.K., Beatty M., Dahlke, B., Hazebroek, J., Greene, 

TW., Cigan, A.M., Chilcoat, N.D., Meeley, R.B., 2020, 

Superior field performance of waxy corn engineered 

using CRISPR-Cas9. Nat. Biotechnol., 38 (5):579-581. 

doi: 10.1038/s41587-020-0444-0. 

[14]Grohmann, L., Keilwagen, J., Duensing, N., 

Dagand, E., Hartung, F., Wilhelm, R., Bendiek, J., 

Sprink, T., 2019, Detection and identification of 

genome editing in plants: challenges and opportunities. 

Front. Plant Sci., 10:236. doi: 10.3389/fpls.2019.00236. 

[15]Guan, H., Chen, X., Wang, K., Liu, X., Zhang, D., 

Li, Y., Song, Y., Shi, Y., Wang, T., Li, C., Li, Y., 2022, 

Genetic variation in ZmPAT7 contributes to tassel 

branch number in maize. Int. J. Mol. Sci., 23(5):2586. 

doi: 10.3390/ijms23052586. 

[16]Hernandes-Lopes, J., Yassitepe, J.E.C.T., Koltun, 

A., Pauwels, L., Silva, V.C.H.D., Dante, R.A., 

Gerhardt, I.R., Arruda, P., 2023, Genome editing in 

maize: Toward improving complex traits in a global 

crop. Genet. Mol. Biol., 46(1 Suppl 1):e20220217. doi: 

10.1590/1678-4685-GMB-2022. 

[17]Hillary, V.E., Ceasar, S.A., 2019, Application of 

CRISPR/Cas9 genome editing system in cereal crops. 

The Open Biotechnology Journal, 13:173-179. 

http://dx.doi.org/10.2174/1874070701913010173 

[18]Intergovernmental Panel on Climate Change 

(IPCC), 2022, Climate Change 2022: Impacts, 

adaptation, and vulnerability. Sixth Assessment Report. 

https://www.ipcc.ch/report/ar6/wg2/, Accessed on 2 

August, 2023. 

[19]ISAAA., 2021, Breaking Barriers with Breeding: A 

Primer on New Breeding Innovations for Food security. 

ISAAA Brief No. 56. ISAAA: Ithaca, NY. 

[20]Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., 

Doudna, J.A., Charpentier, E., 2012, A programmable 

dual-RNA-guided DNA endonuclease in adaptive 

bacterial immunity. Science, 337: 816-821. 

[21]Kim, Y.G., Cha, J., Chandrasegaran, S., 1996, 

Hybrid restriction enzymes: Zinc finger fusions 

to FokI cleavage domain. Proc. Natl. Acad. Sci. USA, 

93(3):1156–1160. doi: 10.1073/pnas.93.3.1156. 

[22]Li, Y., Zhu, J., Wu, H., Liu C., Huang, C., Lan, J., 

Zhao, Y., Xie, C., 2020, Precise base editing of non-

allelic acetolactate synthase genes confers sulfonylurea 

herbicide resistance in maize. The Crop Journal, 

8(3):449-456. https://doi.org/10.1016/j.cj.2019.10.001. 

[23]Li, Q., Wu, G., Zhao, Y., Wang, B., Zhao, B., 

Kong, D., Wei, H., Chen, C., Whang, H., 2020,  

CRISPR/Cas9-mediated knockout and overexpression 

studies reveal a role of maize phytochrome c in 

regulating flowering time and plant height. Plant 

Biotechnol. J., 18(12):2520–2532.  

doi: 10.1111/pbi.13429. 

[24]Li, Y., Lin, Z., Yue, Y., Zhao, H. M., Fei, X. H., 

Lizhu, E., Cheng, L., Chen, S., Lai, J., Song, W., 2021, 

Loss-of function alleles of ZmPLD3 cause haploid 

induction in maize. Nat. Plants, 7:1579-1588. doi: 

10.1038/s41477-021-01037-2. 

[25]Liang, Z., Zhang, K., Chen, K., Gao, C., 2014, 

Targeted mutagenesis in Zea mays using TALENs and 

the CRISPR/Cas system. J. Gen. Gen., 41:63-68.  

[26]Liu, L., Gallagher, J., Arevalo, E.D., Chen, R., 

Skopelitis, T., Wu, Q., Bartlett, M., Jackson, D., 2021, 

Enhancing grain- yield-related traits by CRISPR-Cas9 

promoter editing of maize CLE genes. Nat. Plants, 

7(3):287-294.  doi:10.1038/s41477-021-00858-5  

[27]Liu, C.L., Kong, M., Zhu, J.J., Qi, X.T., Duan, 

C.X., Xie, C.X., 2022, Engineering null mutants in 

ZmFER1 confers resistance to ear rot caused by 

Fusarium verticillioides in maize. Plant Biotechnol. J., 

20:2045–2047. https://doi.org/10.1111/pbi.13914. 

[28]Menz, J., Modrzejewski, D., Hartung, F., Wilhelm, 

R., Sprink, T., 2020, Genome edited crops touch the 



Scientific Papers Series Management, Economic Engineering in Agriculture and Rural Development  
Vol. 23, Issue 4, 2023 
PRINT ISSN  2284-7995, E-ISSN 2285-3952  

120 

market: A view on the global development and 

regulatory environment. Front. Plant Sci., 11. doi: 

10.3389/fpls.2020.586027 

[29]Niu, Q., Shi, Z., Zhang, P., Su, S., Jiang, B., Liu, 

X., Zhao, Z., Zhang, S., Huang, Q., Li, C., Yu, T., Yi, 

H., Rong, T., Cao, M., 2022, ZmMS39 encodes a 

callose synthase essential for male fertility in maize 

(Zea mays L.). The Crop Journal, 11:394-404. 

https://doi.org/10.1016/j.cj.2022.08.012. 

[30]Njuguna, E., Coussens, G., Aesaert, S., Neyt, P., 

Anami, S., Van Lijsebettens, M., 2018, Modulation of 

energy homeostasis in maize and Arabidopsis to 

develop lines tolerant to drought, genotoxic and 

oxidative stresses.  Afrika Focus, 

30(2).  https://doi.org/10.21825/af.v30i2.8080. 

[31]Pathi, K.M., Rink, P., Budhagatapalli, N., Betz, R., 

Saado, I., Hiekel, S., Becker, M., Djamei, A., Kumlehn, 

J., 2020, Engineering smut resistance in maize bu site-

directed mutagenesis of LIPOXYGENASE 3. Front. 

Plant Sci., 11:543895. doi:10.3389/fpls.2020.543895. 

[32]Pixley, K.V., Falck-Zepeda, J.B., Paarlberg, R.L., 

Phillips, P.W.B., Slamet-Loedin, I.H., Dhugga, K.S., 

Campos, H., Gutterson, N., 2022, Genome-edited crops 

for improved food security of smallholder farmers. Nat. 

Genet., 54:364-367. https://doi.org/10.1038/s41588-

022-01046-7. 

[33]Rangari, S.K., Sudha, M.K., Kaur, H., Uppal, N., 

Singh, G., Vikal,  Y.,  Sharma,  P., 2023, DNA-free 

genome editing for ZmPLA1 gene via targeting 

immature embryos in tropical maize. GM Crops 

Food, 5:1-7. doi: 10.1080/21645698.2023.2197303.                                   

[34]Razzaq, A., Saleem, F., Kanwal, M., Mustafa, G., 

Yousaf, S., Imran-Arsha, H.M., Hameed, M.K., Khan, 

M.S., Joyia, F.A., 2019, Modern trends in plant genome 

editing: An inclusive review of the CRISPR/Cas9 

toolbox. Int. J. Mol. Sci., 20(16):4045. doi: 

10.3390/ijms20164045.  

[35]Shukla, V., Doyon, Y., Miller, J., DeKelver, R., 

Moehle, E., Worden, S., Mitchell, J., Arnolg, N., 

Goplan, S., Meng, X., Choi, V., Rock, J., Wu, YY., 

Katibah, G., Zhifang, G., McCaskill, D., Simpson, M., 

Blakeslec, B., Greenwalt, S., Butler, H., Hinkley, S., 

Zhang, L., Rebar, E., Gregory, P., Urnov, F., 2009, 

Precise genome modification in the crop species Zea 

mays using zinc-finger nucleases. Nature, 459:437-441. 

https://doi.org/10.1038/nature07992 

[36]Song, Q., Liang‐Liang, K., Jun-Feng, L., Yao, Z., 

Yue-hua, Y., 2018, Creation method and identification 

technology for sweet-waxy maize of double recessive 

genotype. China Veg., 5:28-32. 

[37]Tachikawa, M., Matsuo, M., 2023, Divergence and 

convergence in international regulatory policies 

regarding genome-edited food: How to find a middle 

ground. Front. Plant Sci., 14:1105426. doi: 

10.3389/fpls.2023.1105426. 

[38]Wang, Y., Liu, X., Zheng, X., Wang, W., Yin, X., 

Liu, H., Ma, C., Niu, X., Zhu, J.K., Wang, F., 2021, 

Creation of aromatic maize by CRISPR/Cas. J. Integr. 

Plant Biol., 63(9):1664-1670. doi: 10.1111/jipb.13105. 

[39]Wang, Y., Tang, Q., Pu, L., Zhang, H., Li, X., 

2022, CRISPR-Cas technology opens a new era for the 

creation of novel maize germplasms. Front. Plant Sci., 

13:1049803. doi: 10.3389/fpls.2022.1049803. 

[40]Zhong, Y., Liu, C.X., Qi, X.L., Jiao, Y.Y., Wang, 

D., Wang, Y.W., Liu, Z., Chen, C., Chen, B., Tian, X., 

Li, J., Chen, M., Dong, X., Xu, X., Li, L., Liu, W., Jin, 

W., Lai, J., Chen, S., 2019, Mutation of ZmDMP 

enhances haploid induction in maize. Nat. Plants, 

5(6):575-580. doi: 10.1038/s41477-019-0443-7. 

[41]Zhou, J., Luan, X., Liu, Y., Wang, L., Wang, J., 

Yang, S., Liu, S., Zhang, J., Liu, H., Yao, D., 2023, 

Strategies and methods for improving the efficiency of 

CRISPR/Cas9 gene editing in plant molecular 

breeding. Plants,12:1478. 

https://doi.org/10.3390/plants12071478. 

[42]Zhu, T., Peterson, D.J., Tagliani, L., St Clair, G., 

Baszczynski, C.L., Bowen, B., 1999, Targeted 

manipulation of maize genes in vivo using chimeric 

RNA/DNA oligonucleotides. Proc. Natl. Acad. Sci. 

USA, 96(15):8768-73. doi: 10.1073/pnas.96.15.8768.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




