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Abstract. The snowballing growth of scientif ic data obtained using modern techniques of genome editing (GE) calls 
for their critical evaluation and comparison against previously applied methods such as induced mutagenesis, which 
was a leading method of genome modif ication for many decades of the past century, and its application has resulted 
in a huge diversity of cultivars. However, this method was relatively long and included a number of stages from induc-
ing multiple mutations using different mutagenic factors to crossing and selecting the most valuable cultivars for 
seve ral generations. A new technology of genetic engineering and transgenesis enabled us to radically reduce the 
time required to obtain a new genetically-modif ied cultivar to one generation and make the modif ication process 
more effective and targeted. The main drawback of this approach was that an introduced transgene might uncontrol-
lably affect the other genes of a recipient plant, which led to the limitations imposed on transgenesis application in 
many countries. These limitations have been effectively surmounted thanks to the development of GE techniques 
allowing for a precise modif ication within a single gene that in many characteristics make it similar to a natural allele 
(especially when it comes to ribonucleoprotein complexes), which has paved the way for wide application of GE in 
routine breeding. The paper reviews the main stages of GE development in its application in plants. It provides short 
descriptions of different GE techniques, including those using protein editors such as zinc-f inger and transcription 
activator-like effector nucleases (TALEN) , and the CRISPR/Cas9 technology. It lists a number of achievements in using 
GE to produce new cultivars of higher yield that are resistant to unfavorable factors and have good nutritional proper-
ties. The review also considers the de novo domestication approach, which allows for faster obtaining of new cultivars 
from natural varieties. In the conclusion, the future ways of GE development are discussed.
Key words: induced mutagenesis; transgenesis; genome editing; nucleases; CRISPR/Cas9; pathogen; resistance; yield.

For citation: Shcherban А.B. Plant genome modification: from induced mutagenesis to genome editing. Vavilovskii 
Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2022;26(7):684-696. DOI 10.18699/VJGB-22-83

Модификация геномов растений: от индуцированного 
мутагенеза до геномного редактирования
А.Б. Щербань1, 2 

1 Федеральный исследовательский центр Институт цитологии и генетики Сибирского отделения Российской академии наук,  
Новосибирск, Россия

2 Курчатовский геномный центр ИЦиГ СО РАН, Новосибирск, Россия
  atos@bionet.nsc.ru

Аннотация. Лавинообразный рост научных данных, полученных с помощью современных методов геномно-
го редактирования (ГР), обуславливает актуальность их критического осмысления и сопоставления с преды-
дущими методами модификации генома. В обзоре дана характеристика основных этапов развития методов 
модификации генома применительно к растительным объектам. Технология индуцированного мутагенеза 
лидировала в течение многих десятилетий прошлого века, с ее помощью получено огромное разнообразие 
сортов культурных растений. Однако этот процесс был довольно длительным и включал целый ряд стадий: от 
индукции множественных мутаций с помощью мутагенных факторов до этапов скрещивания и отбора наибо-
лее ценных форм на протяжении ряда поколений. Пришедшая на смену технология генной инженерии (транс-
генеза) позволила радикально сократить время получения новых генетически модифицированных форм до 
одного поколения, сделать процесс модификации более эффективным и целенаправленным. Но наряду с этим 
она имела главным недостатком возможность неконтролируемого влияния вводимого трансгена на другие 
гены растения-реципиента, что привело к существенным ограничениям применения трансгенеза во многих 
странах. Эти ограничения в настоящее время успешно преодолеваются с развитием методов ГР, позволяющих 
очень точно, в пределах одного гена, осуществлять модификацию, которая по своим свойствам практически не 
отличается от природного аллеля гена (особенно в случае использования рибонуклеопротеиновых комплек-
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сов), что дает возможность избежать ограничений на применение этой технологии в практической селекции. 
Приведена краткая характеристика различных методов ГР, включая использование белковых редакторов, ZF- и 
TALEN-нуклеаз, а также наиболее перспективный метод – CRISPR/Cas9. Перечислен ряд научных результатов по 
созданию с помощью этих методов новых форм растений: устойчивых к неблагоприятным факторам, с повы-
шенной урожайностью и ценными питательными свойствами. В рамках обзора рассматривается новый подход 
«доместикация de novo» с целью ускоренного получения культурных растений из природных форм. Обсужда-
ются дальнейшие пути развития методологии ГР.
Ключевые слова: индуцированный мутагенез; трансгенез; геномное редактирование; нуклеазы; CRISPR/Cas9; 
патоген; устойчивость; урожайность.

Introduction
Continuous accumulation of spontaneous mutations is the 
foundation of evolution in living organisms. Mutation fre-
quency depends on the features of a creature’s genetic appara-
tus and varies from 10–9 to 10–12 nucleotides/cell genera tions. 
Mutations commonly occur due to disrupted key biological 
processes such as DNA replication, reparation and recombi-
nation (Jonczyk et al., 1988; Banerjee et al., 1990), and only 
their insignificant part becomes involved in the evolutionary 
process while others are eliminated during selection. The 
mutations induced by chemical agents, radiation and other 
factors are random but of high frequency that provokes a huge 
number of mutation events in a genome (Sakuraba et al., 2005). 
However, selecting useful alleles and their combinations is a 
long-term process that involves crossing with wild genotypes 
and cultivating necessary ones for several generations. Never-
theless, significant number of modern cultivars have resulted 
from the breeding programs using induced mutagenesis that 
were launched in the beginning and middle of the 20th cen-
tury, in other words, they are partially a subproduct of nuclear 
technology development.

The second method for obtaining new versions of genes 
lies with genetic engineering and transgenesis. The main 
advantage of this approach, if compared to induced mutage-
nesis, is that is allows for fast and dedicated effect on a certain 
trait through an induced alien transgene, which significantly 
reduces the time required to obtain a genetically modified 
organism (GMO) (Khush, 2012). However, along with the 
advantages, the method has certain drawbacks that will be 
discussed in a separate section below.

The further advancement of genome modification tech-
nologies is related to improved dedicated delivery of vector 
molecules so they could directly affect certain genetic loci, 
which has been implemented in the gene targeting strategy 
(Hall et al., 2009). The strategy allows one to overcome the 
main disadvantage of transgenesis that is a possibility for a 
transgene to introgress into different genomic regions, makes 
the expected effect more targeted and prevents off-target edit-
ing of other genes. Its foundation was initially based on the 
phenomenon of homologous recombination between a vector’s 
DNA sequence and a genomic DNA sequence homologous 
to it (Smithies et al., 1985; Capecchi, 1989). The process re-
sults in either deletion of a gene or its part so the gene loses 
its functionality (gene knockout); or insertion of additional 
sequence; or modification of certain base pairs (point muta-
tion). Genetic targeting is widely used in human and animals. 
In particular, it is applied to study the genetic diseases in cell 

lines for which a knockout or a modification of a potentially 
pathogenic gene can be performed in vitro (Sur et al., 2009). 
Together with homologous recombination, the genomes of 
eukaryotic organisms employ non-homologous end joining 
(NHEJ) that may generate unpredictable frequent mutations 
during DNA repair (Guirouilh-Barbat et al., 2004). 

Another big advancement that has significantly increased 
the efficacy of genetic targeting has become the development 
of artificial endonucleases such as meganucleases, zinc-finger 
(ZF), transcription activator-like effector (TALEN) and Cas9 
site-specific nucleases. It is the use of those nucleases that 
has given birth to a new specific term “genome editing (GE)” 
although today it refers to any methods of gene modification 
(Bak et al., 2018). 

ZF and TALEN nucleases are used in combination with 
targeting proteins such as ZF domains and the proteins similar 
to TAL effectors, respectively. In case of Cas9 nucleases, it is 
CRISPR RNA that gave birth to the CRISPR/Cas9 technology 
that has revolutionized GE being the least laborious, relatively 
inexpensive and most precise and effective technology to the 
date. For the time passed since its introduction in 2012, it has 
been applied for editing of a huge number of living organisms 
from humans to yeast (Khlestkina, Shumny, 2016). 

In what follows, the results obtained in plants with different 
genome modification techniques will be considered. 

Induced mutagenesis
The effect radiation has on heredity was first demonstrated by 
Russian botanist Georgy Nadson (Nadson, Philippov, 1925) 
and American genetic scientist Hermann J. Muller (Muller, 
1927). Their discovery fostered multiple genetic studies that 
went in parallel with the development of wave and nuclear 
physics. Among such studies were those carried out by promi-
nent Russian scientists including A. Sapegin who studied 
radiation-induced mutagenesis in common wheat (Sapegin, 
1930), and N. Timofeev-Resovsky who started a new direction 
in radiation genetics (Timofeeff-Ressovsky, 1929). At the same 
time, chemical mutagenesis was studied by N. Koltsov and 
his disciple I. Rapoport whose achievements became crucial 
for applying the method in plant selection (Rapoport, 1946). 

Since the 1930th, both radiation and chemical mutagenesis 
techniques have been used all over the world to produce more 
than 3200 cultivars of 200 species (https://mvd.iaea.org). 

In this respect, Russia takes the fourth place (6.7 % of mu-
tagenic cultivars) after China, India and Japan (Ahloowalia et 
al., 2004). In our country, the mutant plants have been used to 
obtain the cultivars of winter/spring wheat, barley, soybeans, 

https://mvd.iaea.org
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lupin, oat, beans, etc. For instance, common wheat cultivar 
Novosibirskaya 67 was created using the radiation technique 
and became the fruit of the joint efforts of the breeders of 
Novosibirsk Experimental Station and Institute of Cytology 
and Genetics of Siberian Branch of the USSR Academy of 
Sciences (Cherny, 1982). For a long time, the cultivar had 
remained the leading crop of Western Siberia in terms of 
planted areas for it combined high productivity, excellent bak-
ing properties and was resistant to a number of diseases. The 
scientists of  Research Institute of Oil Crops (Krasnodar) used 
chemical mutagenesis to produce Pervenets, a new sunflower 
cultivar whose oil quality was comparable to that of olive trees 
(Russian Solar Flower, 2007). 

The dwarfism mutation was used by N. Borlaug to breed 
the cultivars of non-lodging high-yielding common wheat 
that paved the way for the so-called green revolution in the 
middle of the last century (Gaud, 1968). E. Sears and F. Elliot 
used experimental mutagenesis in combination with long-term 
hybridization to transfer the loci of resistance to rust and smut 
from the wild varieties of goat and wheat grass to common 
wheat (Kilian et al., 2011). G. Stubbe (DRG) applied 5-time 
X-ray irradiation and selection in several generations of small-
fruited wild tomato to increase its fruit to the size commonly 
observed in cultivated tomato (Stubbe, 1957). 

Transgenesis 
The next technology to obtain new gene versions that came 
onto stage was genetic engineering or artificial transgenesis. 
In its essence the technology is introduction of an alien gene 
(transgene) into a living organism that facilitates the last to 
obtain predictable and inheritable traits. In plants, transgenes 
are delivered using the specialized vectors created using the 
tumor-inducing (Ti) plasmids of agrobacteria (Weising et al., 
1988). Since all plant species have similar genetic code, it 
means a transgenic organism is able to express alien genes. 

This approach had multiple advantages if compared to 
induced mutagenesis. First, it significantly widened the pos-
sibility for dedicated modification of living organisms because 
transgenes could have the traits untypical for a recipient, so 
they could not be obtained using mutagens (e. g., synthesis 
of pharmaceutical, insecticide and other agents in plants). 
Second, the technology significantly reduced the scale and 
duration of selection especially after such markers as antibiotic 
resistance and reporter genes were introduced into vector DNA 
and allowed for fast and effective identification of genetically 
modified organisms (GMO). In terms of fundamental science, 
transgenic organisms became a convenient model for study-
ing the functions of a particular gene and their phenotypical 
manifestations. 

Genetic engineering has been used to obtain multiple ge ne-
tically modified cultivars of corn, rice, soybean, cotton, rape, 
potato and others whose farming areas take hundreds of mil-
lions of  hectares all over the world (Genetically Engineered 
Crops…, 2016). One of the examples of transgenic plants is 
Golden Rice that has high content of β-carotene, a precursor 
to vitamin A whose deficiency leads to xerophthalmia, a wide-
spread eye condition in South-East Asia. To obtain this culti-
var, a gene of phytoene synthase (Narcissus) was introduced 

into a local variety using the bioballistics technique (Burkhardt 
et al., 1997). Another example of successful transgenesis in 
agriculture is transgenic soybean. 

Its cultivars are widely represented on the market and are 
known for their resistance to different herbicides such as 
Roundup (glyphosate), glufosinate, Dicamba. Others contain 
the gene of Bacillus thuringiensis (BT), whose toxin make 
them resistant to insects (https://www.isaaa.org/gmapproval 
database). 

An analogous transgene was introduced to cotton and 
made it resistant to the cotton budworm, a common pest for 
this species (Wu et al., 2008). Genetic engineering has also 
produced the transgenic varieties of cotton, maize and rape 
resistant to herbicides (Tan et al., 2005; Karthik et al., 2020), 
and that of maize resistant to insects (Lundmark, 2007) and 
many others. 

All these examples prove the technology has been success-
fully applied in the agricultural sector of such countries as 
the USA, China, India, Argentina, Canada and others where 
industrial agriculture and transgenic plants were permitted un-
like the majority of countries where the using and growing of 
GMOs was prohibited or unlike Russia that only allowed for 
import of GMOs as food products, forage, and research objects 
(Dudin, 2020). Although, most of GMO-related concerns 
have been due to prejudices or the rivalry of agrochemical 
companies, it is still cannot be stated that all such concerns 
have been completely ungrounded. GMOs present a certain 
danger for ecosystems, e. g., if we have produced herbicide-
resistant plants, how can we be certain that these genes will 
not be transferred to weeds by pollen while cross hybridization 
(Schütte et al., 2017). 

There is also a risk that a transgenic plant can affect non-
target organisms such as plants possessing BT-toxin genes 
can kill non-hazardous insects (Marvier et al., 2007). The 
long-term consequences of transgenesis remain unclear since 
a transgene can enter different regions of a genome and ruin 
other genes’ expression. As for their direct harm to human 
health, multiple scientific research has shown that GMOs 
and their products are of no more harm than traditional crops 
(König et al., 2004). 

Genome editing
The basis of GE is dedicated changing of a limited gene region 
that may be achieved in different ways. Considering the early 
days, the first experiments were applying oligonucleotides 
for DNA editing, e. g., two genes (defective green fluorescent 
protein and acetolactate synthase) of tobacco and corn were 
edited using chimeric RNA/DNA oligonucleotides in 1999 
(Beetham et al., 1999; Zhu et al., 1999). In the last case, the 
editing resulted in a low-frequent resistance to imidazoline 
and sulfonylurea. This study was followed by analogous works 
to alter these and other species of plants (Zhu et al., 2000; 
Kochevenko, Willmitzer, 2003; Okuzaki, Toriyama, 2004), 
but the effectiveness of the techniques remained comparable 
to that of spontaneous mutagenesis (Ruiter et al., 2003). 

Single-stranded DNA oligonucleotides proved to be of a 
bit higher efficacy (Dong et al., 2006), but it still was not high 
enough. Moreover, selecting edited plants became a problem 

https://www.isaaa.org/gmapprovaldatabase
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that could not be resolved without using vectors. For that 
reason, the perspectives of this direction remain questionable. 

Another direction of GE is related to using endonucleases, 
special enzymes provoking double-stranded ruptures in a DNA 
molecule. Repairing the ruptures may occur either through 
recombination with a homologous DNA fragment that has 
been placed into a vector and transformed into a cell nucleus. 
The first endonucleases used for this purpose were homing en-
donucleases recognizing DNA regions of 12–45 nucleotides. 
The specificity of these regions varied and depended on a type 
of nuclease, e. g., using the I-CeuI homing endonuclease and 
the 35S promoter, the bar gene was precisely inserted into a 
site of a corn genome to make the plant resistant to phosphi-
nothricin (D’Halluin et al., 2008). 

Analogous site-specific insertion was carried out in a cotton 
genome (genus Gossypium) to provide the last with genes hppd 
and epsps making the plant resistant to glyphosate (D’Halluin 
et al., 2013). The I-SceI homing endonuclease was used to 
replace a region in a barley genome to a homologous one 
delivered in a vector with a functional gene of resistance to 
hygromycin (Watanabe et al., 2015).

Protein editors: ZF and TALEN nucleases 
In the GE techniques based on protein editing, one uses 
chimeric nucleases. These are complex proteins containing 
two structural components, one of which binds specifically 
with certain nucleotide sequencies of genome DNA, directing 
at them the second component, a nuclease catalyzing DNA 
splitting. These proteins are delivered into a plant’s genome 
using expression vectors. 

The first such vectors were ZF nucleases that typically 
contained three “zinc fingers” as a directing structure. The 
fingers are protein domains binded with one or two ions of 
zinc and capable of recognizing and specifically binding with 
a certain nucleotide triplet in DNA sequence. In some case, 
the number of these domains were increased to 6, so their spe- 
 cificity level raised to 18 DNA nucleotides (Liu et al., 1997). 

For the first time, ZF nucleases were applied for genome 
editing in plants in 2005 when a corresponding vector was 
inserted in Arabidopsis so indels of different length, mostly 
deletions (78 %), were found (Lloyd et al., 2005). Since then, 
a lot of analogous projects have been performed in tabaco, 
soybean, corn, tomato, apple and fig trees (Shukla et al., 2009; 
Townsend et al., 2009; Curtin et al., 2011; Peer et al., 2015; 
Hilioti et al., 2016). However, the technique has turned out 
to be quite laborious and expensive for it requires a unique 
protein structure of ZF nuclease to be created for each indi-
vidual sequence of target DNA. Additionally, the technique is 
not precise in recognizing nucleotide triplets, which results in 
a large number of DNA splits in off-target regions. For these 
reasons, the technique is quite rarely applied these days.

TALEN chimeric nucleases have proved to be more effec-
tive. The protein domains serving as their directing structures 
are the prototypes of the natural TAL effectors of certain 
bacteria, and each of them recognizes only one nucleotide. In 
this case, the DNA recognition mechanism is more unambi-
guous than that of ZF nucleases and allows for relatively easy 
creation of a structure that specifically recognizes a required 

DNA sequence. The last is binded with an enzyme splitting 
the DNA (commonly, Fok I endonuclease) and enables for a 
theoretically very precise double-stranded rupture within any 
genome region. 

In 2011, the technique was recognized as the most per-
spective GE approach. By 2017, it had been used to edit 
12 plant genomes including those of such domestic plants 
as rice, wheat, corn, tobacco, barley, potato, sugar cane, soy-
bean, tomato, and of model plants such as Arabidopsis and 
Brachypodium. In total, in these plants, more than 50 genes 
have been edited (mostly knocked out) (Malzahn et al., 2017), 
e. g., to increase bioethanol output in the sugar cane, TALEN 
nucleases were used to knock out its genes responsible for 
high lignin content (Jung, Alpeter, 2016). To exclude potato 
sweetening while storing in cold, vacuolar invertase catalyzing 
the sucrose splitting into fructose and glucose was knocked 
out (Clasen et al., 2016). Using the TALEN and CRISPR/ Cas9 
approaches it became possible to knock out the alleles of 
powdery mildew resistant loci in every three subgenomes of 
allohexaploid common wheat Triticum aestivum L. (genome 
BAD; 2n = 42) (Wang et al., 2014). To improve the quality of 
soybean oil, the genes of desaturase enzymes were mutated 
(Haun et al., 2014). 

To facilitate the TALEN technique, a number of software 
solutions have been developed to search for edited sites, create 
vector structures and detect off-target sites such as TALEN-
designer (http://talen-design.de).

CRISPR/Cas9: leading GE technique 
Unlike the chimeric nucleases, in the CRISPR/Cas9 techno-
logy, DNA-recognizing structures are not proteins but short 
RNAs that, first, are far more precise due to their comple-
mentarity and, second, are much easier and chipper to syn-
thesize. The theoretical foundation of the technology was laid 
while studying the mechanism bacteria use to get protected 
from pathogenic viruses (bacteriophages) (Savitskaya et al., 
2016). There have been published many reviews devoted to  
CRISPR/Cas9 (Khlestkina, Shumny, 2016; Zlobin et al., 2017; 
Strygina, Khlestkina, 2020). In plants, the technology was 
first applied in 2013 (Li et al., 2013; Nekrasov et al., 2013; 
Shan et al., 2013). 

The simplified vector included the genes of the Cas9 pro-
tein, a guide RNA (gRNA) analogous to bacterial CRISPR 
RNA and an additional sequence coding a nuclear localiza-
tion signal (NLS). The vector was introduced in plant cells 
using either agrobacterial transformation or bioballistics. As 
a result, cellular DNA were transcripted by the intercellular 
RNA polymerase III. From the RNA template encoding 
Cas9, a protein is translated on ribosomes, which then enters 
the nucleus via NLS. In the nucleus the gRNA and Cas9 got 
united to bind with its target site following the principle of 
complimentary interaction. 

An important element that, in many ways, determined the 
specificity of the binding was a protospacer adjacent motif 
(PAM), a nucleotide triplet (commonly NGG) placed near 
the 3′-end of the target site. The catalytic domains of the 
nuclease provoked single-stranded breaks near the PAM to 
activate a repair mechanism that could act in two ways: non-
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homological end joining (NHEJ) being prone to the errors 
producing the indels of one or several nucleotides that shift 
the reading frame of the coded protein and disrupting its 
functionality to the degree of a knockout. The second way is 
homology-dependent repair (HDR) that edits the target site 
or introduces a new sequence that can be undesirable for an 
experiment, but the last is only possible if such a fragment of 
donor DNA has already presented in the region being edited. 

The key element leading to successful genome edition via 
CRISPR/Cas9 has been selecting a gRNA for a target gene. 
The site of interaction with gRNA does not usually exceed 
30 bp. The presence of PAM at the 3′-end of this region is an 
important condition for selecting a site to be edited. Another 
important criterion for gRNA selection is the number and 
localization of the sites for off-target editing, whose search in 
a genome is performed individually for each particular gRNA 
using special software solutions like those available on http://
crispr.mit.edu/.

Lately, the GE technique using ribonucleoprotein (RNP) 
complexes has been actively developed. In this case, the 
transforming agent is not a vector (plasmid RNA) but a ready-
to-use complex including Cas9 and a gRNA. This approach 
has proved its efficacy when editing the genomes of corn, 
wheat and potato via bombarding the embryonal cells with 
gold microparticles (Martin-Ortigosa et al., 2014; Woo et al., 
2015; Svitashev et al., 2016; Liang et al., 2017; Andersson 
et al., 2018). 

It is noteworthy that this alternative to using an agrobacte-
rium, which by itself can cause an undesirable genetic effect, 
allows CRISPR/Cas9 to go beyond the GMO approach and 
overcome the forbiddance against its application in the agri-
cultural industry. Its other advantage is the reduced likelihood 
of DNA cutting in off-target sites because the lifetime of a 
delivered RNP complex is much shorter than its DNA expres-
sion. At the same time, employing bioballistics for delivering 
RNP complexes has a number of drawbacks related to the tech-
nique’s excessive traumaticity for plant tissues, complexity of 
transformation and regeneration, and low editing frequency. 
For that reason, vector-based agrobacterial transformation still 
remains a leading approach to CRISPR/Cas9. 

Using CRISPR/Cas9 for producing new cultivars
Genome editing is a technology that can serve both applied – 
obtaining plants with new useful properties – and fundamen-
tal – studying the functions of genes – purposes. The funda-
mental tasks are solved using the methods of inverted genetics 
when scientists manipulate genetic sequencies knocking out 
this or that gene to see what consequences it will cause in the 
phenotype. 

As for applied problems they are quite diverse and in what 
follows, the main directions of CRISPR/Cas9 application for 
breeding will be considered.

Resistance to pathogens
The Table displays the studies aimed at creating the plants 
resistant to different pathogens. For instance, in rice (Oryza 
sativa L.) applying CRISPR/Cas9 resulted in its resistance to 
three pathogens: bacterial blight, tungro spherical virus and 

blast fungus. In the first case, the resistance was achieved after 
knocking out one of the S genes responsible for sensitivity 
to bacterial blight (sucrose transportation gene OsSWEET13 
being a target for a bacterial TAL effector (Zhou et al., 2015). 
In the second case, the host’s eIF4G gene was knocked out 
whose product controlled the initiation of viral RNA trans-
lation (Macovei et al., 2018). And finally, in case of fungal 
pathogen, it was the OsERF922 gene that was knocked out 
and it led to the reduction in ethylene hormone level in the 
cells and increased resistance (Wang et al., 2016).

In T. aestivum, fungal pathogen Blumeria graminis f. sp. 
tritici causes the so-called powdery mildew that signifi-
cantly reduces the yield of common wheat in many regions. 
Currently, the S genes responsible for the sensitivity to the 
fungus have been edited. In one of such studies, the MLO 
genes were knocked out (Wang et al., 2014), in another – the 
EDR1 (enhanced disease resistance) genes (Zhang et al., 
2017). It has been shown that in both cases, a knockout of 
all three homoelogical copies of the gene is to be achieved 
since knocking out only one or two copies has only resulted 
in partial resistance to the disease. 

In Solanum lycopersicum L., application of CRISPR/Cas9 
has made it possible to obtain tomato cultivars resistant to 
bacterial speck, yellow leaf curl virus and powdery mildew. 
In the first case, to enhance the barrier preventing bacterial 
infiltration in the cells, the SlJAZ2 gene to control stoma clo-
sure was mutated to foster the gain of function (Ortigosa et al., 
2018). In the case of viral disease, these were the pathogen’s 
genes that were targeted, namely, the viral envelope (CP) 
and replicase (Rep) genes. As a part of T-DNA, their short 
sequencies were built in the plant’s nuclear genome to  enable 
their constitutive expression as RNA molecules, which in 
combination with Cas9 could effectively interfere the viral 
DNA (Tashkandi et al., 2018). 

Resistance to abiotic stress 
A number of studies aimed at developing the cultivars resistant 
to abiotic stresses are listed in the Table. For instance, applying 
the protoplast technique in wheat led to mutating two genes 
related to drought stress (TaDREB2 and TaERF3) (Kim D. et 
al., 2017). A similar study was performed in soybean (Glycine 
max L.) in which two genes related to the plant’s resistance 
to drought and salinity (Curtin et al., 2018). 

In this field, not only applied but also fundamental research 
has been performed. Hence, it was found out that mitogenic-
activated protein kinase (MAPK) reacted to drought by pro-
tecting a cell membrane from oxidation and regulating the 
transcription of other genes. The role of one of MAPK genes 
was determined using CRISPR/Cas9 for creating the knockout 
mutants of this gene (Wang et al., 2017). In a similar way, the 
effect of three genes on rice resistance to abiotic factors was 
determined. It turned out, the genes coded MAPK (OsMPK2), 
phytoene desaturase (OsPDS) and betaine aldehyde dehydro-
genase (OsBADH2) (Shan et al., 2013).

Yield 
The studies applying CRISPR/Cas9 to increase a plant’s yield 
are listed in the Table. The kernel size and thousand-kernel 
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Summary of CRISPR/Cas9 applications in major crops 

Species Target gene Trait study Editing result Delivery technique Reference

Resistance to pathogens

O. sativa OsSWEET13 Resistance to X. oryzae  
(bacterial blight)

Knock-out Agrobacterium-mediated 
transformation 

Zhou et al., 2015

O. sativa eIF4G Resistance to tungro  
spherical virus 

Knock-out Agrobacterium-mediated 
transformation 

Macovei et al., 2018

O. sativa OsERF922 Resistance  
to Magnaporthe oryzae  
(blast fungus)

Knock-out Agrobacterium-mediated 
transformation 

Wang et al., 2016

T. aestivum MLO Resistance to Blumeria graminis 
(powdery mildew) 

Knock-out Agrobacterium-mediated 
transformation 

Wang et al., 2014

T. aestivum EDR1 Resistance to Blumeria graminis 
(powdery mildew)

Knock-out Agrobacterium-mediated 
transformation 

Zhang et al., 2017

S. lycopersicum SlJAZ2 Resistance to Pseudomonas 
syringae (bacterial speck)

Mutation  
“gain of function”

Agrobacterium-mediated 
transformation 

Ortigosa et al., 2018

S. lycopersicum CP- and  
Rep-genes

Resistance to yellow leaf  
curl virus 

Interference  
with virus DNA

Agrobacterium-mediated 
transformation 

Tashkandi et al., 2018

S. lycopersicum SlMlo1 Resistance  
to Oidium neolycopersici  
(powdery mildew)

Knock-out Agrobacterium-mediated 
transformation 

Nekrasov et al., 2017

Vitis vinifera VvWRKY52 Resistance to Botrytis cinerea Knock-out Agrobacterium-mediated 
transformation 

Wang X. et al., 2018

Gossypium 
hirsutum

Gh14-3-3d Resistance to Verticillium dahliae 
(verticillium wilt) 

Knock-out Agrobacterium-mediated 
transformation 

Zhang Z. et al., 2018

Citrus sinensis CsLOB1 Resistance to Xanthomonas citri  
(citrus canker)

Knock-out Agrobacterium-mediated 
transformation 

Jia et al., 2017

Cucumis sativus eIF4E Broad resistance to viruses Knock-out Agrobacterium-mediated 
transformation 

Chandrasekaran  
et al., 2016

Resistance to abiotic stress

T. aestivum TaDREB2, 
TaDREB3

Drought tolerance Knock-out PEG-mediated 
transformation 

Kim D. et al., 2017

Glycine max Drb2a,  
Drb2b

Drought tolerance Knock-out Agrobacterium  
rhizogenes-mediated 
transformation

Curtin et al., 2018

S. lycopersicum SlMAPK3 Drought tolerance Knock-out Agrobacterium-mediated 
transformation 

Wang et al., 2017

O. sativa OsMPK2,  
OsPDS, 
OsBADH2

Multiple stress tolerance Knock-out Particle bombardment Shan et al., 2013

O. sativa SAPK2 Drought and salinity tolerance Knock-out Agrobacterium-mediated 
transformation 

Lou et al., 2017

O. sativa SAPK1, SAPK2 Salinity tolerance Knock-out Agrobacterium-mediated 
transformation 

Lou et al., 2018

O. sativa OsNAC14 Drought tolerance Overexpression Agrobacterium-mediated 
transformation 

Shim et al., 2018

O. sativa OsRR22 Salinity tolerance Knock-out Agrobacterium-mediated 
transformation 

Zhang A. et al., 2019
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End of table

Species Target gene Trait study Editing result Delivery technique Reference

Yield

T. aestivum TaGW2 Grain weight Knock-out Particle bombardment Wang W. et al., 2018

T. aestivum TaGW7 Grain weight Knock-out Agrobacterium-mediated 
transformation 

Wang et al., 2019

T. aestivum CKX2-1, GLW7, 
GW2, GW8

Grain yield Knock-out Agrobacterium-mediated 
transformation 

Zhang Z. et al., 2019

O. sativa OsAAP3 Number of shoots Knock-out Agrobacterium-mediated 
transformation 

Lu et al., 2018

O. sativa OsDEP1, OsGS3, 
OsGn1a

Panicle size, grain size,  
grain yield 

Knock-out Agrobacterium-mediated 
transformation 

Li S. et al., 2016

O. sativa GW5 Grain weight Knock-out Agrobacterium-mediated 
transformation 

Liu et al., 2017

O. sativa OsGRF4 Grain size Overexpression Agrobacterium-mediated 
transformation 

Li M. et al., 2016

Zea mays ARGOS8 High yield under drought Overexpression Particle bombardment Shi et al., 2017

Nutritional value

Zea mays ZmIPK Decreased phytic acid Knock-out Agrobacterium-mediated 
transformation 

Liang et al., 2014

Zea mays PPR, RPL Increased lysine and tryptophan Knock-out Agrobacterium-mediated 
transformation 

Qi et al., 2016

T. aestivum α-gliadin Low gluten Knock-out Particle bombardment Sánchez-León et al.,  
2018

T. aestivum α-gliadin, 
γ-gliadin

Low gluten Knock-out Agrobacterium-mediated 
transformation 

Jouanin et al., 2019

O. sativa Waxy Decreased amylose Knock-out Agrobacterium-mediated 
transformation 

Zhang J. et al., 2018

O. sativa SBEIIb Increased amylose Knock-out Agrobacterium-mediated 
transformation 

Sun et al., 2017

S. tuberosum GBSS Decreased amylose Knock-out PEG-mediated 
transformation 

Andersson et al., 
2017

Glycine max FAD2-1A,  
FAD2-1B

Increased oleic acid Knock-out PEG-mediated 
transformation 

Kim H. et al., 2017

Sorghum bicolor k1C genes High lysine content and protein 
digestibility 

Knock-out Agrobacterium-mediated 
transformation 

Li A. et al., 2018

Brassica napus FAD2 Increased oleic acid Knock-out Agrobacterium-mediated 
transformation 

Okuzaki et al., 2018

S. lycopersicum ncRNA1459 Long shelf life Knock-out Agrobacterium-mediated 
transformation 

Li R. et al., 2018

S. lycopersicum SGR1, LCY-E,  
Blc, LCY-B1

Increased lycopene Knock-out Agrobacterium-mediated 
transformation 

Li X. et al., 2018

S. lycopersicum SlGAD2,  
SlGAD3

Enhance γ-aminobutyric acid Knock-out Agrobacterium-mediated 
transformation 

Nonaka et al., 2017

Glycine max GmGOLS1A, 
GmGOLS1B

Decreased raffinose in beans Knock-out Agrobacterium-mediated 
transformation 

Le et al., 2020

Glycine max F3H1, F3H2, 
FNSII-1

Increased isoflavonoid 
compounds 

Knock-out Agrobacterium-mediated 
transformation 

Zhang P. et al., 2019
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weight in common wheat were increased by provoking non-
sense mutations in the homeological copy of the GW2 gene 
being a negative regulator of these traits. The degree of the 
increase was determined by a portion of mutated homoeologi-
cal genes (Wang W. et al., 2018). Later, the same authors could 
change the size and weight of a wheat kernel by mutating the 
sequence of another gene to belong to the same group: GW7 
in subgenomes B and D (Wang et al., 2019).

The number of kernels in an ear was increased by editing 
four target genes: CKX2-1, GLW7, GW2 and GW8 (Zhang A. 
et al., 2019). In this case, the line homozygotic to the large 
deletion in the CKX2-1 gene demonstrated the maximum 
increase of the ear kernel number as well as maximum ear 
density, which has confirmed the gene is a negative regulator 
affecting the number of kernels in an ear. 

A whole set of genes was knocked out in rice. These were 
negative regulators of controlling such traits as tiller number 
(OsAAP3), ear size (OsDEP1), kernel weight (OsGW5) and 
size (OsGS3, OsGRF4) and the number of kernels in an ear 
(OsGn1a) (Li M. et al., 2016; Li S. et al., 2016; Liu et al., 
2017; Lu et al., 2018). Additionally, the rice model has been 
applied to integrate whole-genome sequencing, genealogy 
analysis and CRISPR/Cas9 for full-scale identification of 
the target genes that affect quantitative traits including yield 
(Huang et al., 2018). 

At the first stage, the genealogy analysis detected multiple 
quantitative trait loci (QTL) associated with yield to carry out 
their association mapping. Comparison of the obtained map 
against the rice’s whole-genome sequence enabled for select-
ing candidate genes to be knocked out using CRISPR/ Cas9 
for estimating their phenotypical effect. As a result, a whole 
set of the genes crucial for yield was found. 

A study to preserve the yield in presence of stress fac-
tors by mutating the ARGOS8 gene was carried out in corn 
(Zea mays L.) by J. Shi et al. (2017). The authors applied 
CRISPR/ Cas9 to replace this negative regulator of ethylene 
response by a promotor of another gene to increase ARGOS8 
expression. Field studied have demonstrated that the CRISPR-
edited plants had higher yield in drought condition than their 
parents. 

Nutritional value
High amounts of phytic acid present in the grains of cereal, 
legume and oil crops. This acid is antinutrient and cannot be 
digested by animals with single-chamber stomach and can 
cause environmental pollution. To reduce the acid’s content 
in corn, CRISPR/Cas9 was applied to knock out the gene of 
the enzyme catalyzing the stages of phytic-acid biosynthesis, 
so its production was blocked in the mutant line (Liang et al., 
2014). The same corn was used to obtain cultivars with higher 
level of essential amino acids – lysin and tryptophane – by 
knocking out the genes having a negative effect on their bio-
synthesis (Qi et al., 2016).

Changing gluten content and composition in wheat has been 
another topical issue due to the high spread of gluten intole-
rance in people. The results of two studies using CRISPR/Cas9 
and aimed at reducing in wheat the content of α- and γ-gliadins 
causing pathological reactions have recently been published. 

One group obtained the mutant lines with significantly reduced 
α-gliadin content (Sánchez-León et al., 2018). The other group 
created lines with low α- and γ-gliadins (Jouanin et al., 2019). 
The obtained wheat lines may become a start for new elite 
wheat cultivars to produce low-gluten products. 

In rice, application of CRISPR/Cas9 has led to the plant’s 
improved nutritive and culinary qualities. It was achieved by 
mutating the Waxy gene to change the amylose/amylopectin 
ratio in starch in the favor of amylopectin (Zhang J. et al., 
2018). This component determines the waxlike (sticky) quali-
ties of starch in rice grains, which is very important for making 
sushi. In another study, the opposite result was obtained, so 
the gene responsible for suppressing amylose synthesis was 
knocked out (Sun et al., 2017). 

In potato (Solanum tuberosum L.), the gene encoding 
granule-bound starch synthase (GBSS) was knocked out, so 
the obtained lines demonstrated a reduced level of amylose 
(Andersson et al., 2017). 

To improve the quality of soybean oil, CRISPR/Cpf1 was 
used to knock out genes FAD2-1B and FAD2-1A and produce 
high-yield soy plants with high content of oleic acid (Kim H. 
et al., 2017).

In sorgo (Sorghum bicolor L.), GE techniques were applied 
to knock out the genes responsible for improper digestibility 
and essential amino acids suppression (Li A. et al., 2018). 

Using CRISPR/Cas9 the cultivars of rape (Brassica na-
pus L.) were obtained with high content of oleic acid (Okuzaki 
et al., 2018) as well tomato cultivars with increased storabi lity 
(Li R. et al., 2018) and increased content of lycopene, a vita-
min A precursor of powerful antioxidation effect (Li X. et al., 
2018). These and many other studies  are listed in the Table.

De novo domestication 
The essence of the de novo domestication approach is speeding 
up a domestication process for a wild relative of an agricul-
tural plant. The wild relatives are widely used in selection 
as donors of the genes responsible for a plant’s resistance to 
biotic and abiotic stresses. However, a simple crossing with 
a wild species only produces ‘half-cultivars’ that often lose 
the features of a cultural plant as well as the many qualities 
useful for humans. 

Studies into the genes of wild and domestic plants have 
found the so-called ‘domestication genes’, in other words, 
mutations that transform a wild plant into one applicable for 
farming. 

The idea behind de novo domestication is dedicated intro-
duction of necessary genes into the domestication genes of 
a cultural plant’s wild relative. Such boosted domestication 
made the headlines in 2018, when CRISPR/Cas9 was applied 
to convert a wild tomato into an almost cultural plant in a singe 
generation. To do so, a list of genes to be modified to obtain 
the plant’s de novo version had been composed (Zsögön et 
al., 2017). 

Comparing the genetic sequences in both wild and cultural 
tomato enabled one to determine the structural modifications 
to be implemented in the wild plant. At the final stage of 
the experiment, multiplex editing of four genes (SP, SP5G, 
SlCLV3 and SlWUS was performed. These genes controlled 
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the plant’s architecture (transition to the determinate type), 
heading time and fruit size (Li T. et al., 2018). 

Another example of such research is changing the morpho-
logy of a barley ear. The naked kernel, unlike the rough one, 
has always been a sign of the crop’s domestication. Naked 
barley is a traditional food and currently considered as a 
dietary component of functional nutrition. In nature, this 
transition from chuffy to naked kernel was determined by 
the NUD gene losing its function due to deletion of 17 kb in 
a corresponding locus. Using CRISPR/Cas9, a naked-barley 
cultivar has been produced experimentally by knocking out 
NUD in a wild rough variety (Gerasimova et al., 2020). 

Thus, de novo domestication opens huge perspectives for 
selective breeding, enabling one to obtain the results of  hun-
dreds and thousands of years of evolution in one generation.

Conclusion
Intensely developing GE technologies will soon see lifting 
many of the limitations for their wide practical application. 
The development goes in the direction of higher modification 
specificity and off-target effects elimination by using new-type 
nucleases such as the Cas9 orthologs interacting with different 
PAMs (Fonfara et al., 2014) or completely new nucleases such 
as Cas12a (Zetsche et al., 2015). 

Moreover, there are approaches that go beyond gene knock-
outs and include other modifications as changing a nucleotide 
or a whole sequence. This method has proved effective when 
editing a single DNA base to perform cytosine/thymine or 
adenine/guanine replacement. Such changes have become 
possible thanks to using specific enzymes being a combina-
tion of cytosine deaminase, adenosine desaminase and nickase 
(Zong et al., 2017; Li C. et al., 2018).

Another technique that is developing fast is homological 
recombination when an expressing vector is delivered in a 
cell together with a donor DNA flankered by the sequencies 
homologous to the site where endogenous DNA is replaced 
by a donor’s one (Jasin, Haber, 2016). 

In addition, transformation techniques are developing since 
the classical methods such as agrobacterial transformation 
and particle bombardment in many ways produce low output 
of transformants. Hence, a possibility to use modified viral 
genomes has been demonstrated for transition of expression 
cassettes, geminiviruses in particular, and proved effective 
for a number of cultures (Baltes et al., 2014; Čermák et al., 
2015; Butler et al., 2016). 

Along with technological advancements, the development 
of bioinformatic approaches, in particular, enlargement of 
genetic databases and enhancing of genetic network analysis 
will become the basis for multiplex GE to modify several 
traits at once. 
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