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Abstract
Main conclusion While transgenic technology has heralded a new era in crop improvement, several concerns have 
precluded their widespread acceptance. Alternative technologies, such as cisgenesis and genome-editing may address 
many of such issues and facilitate the development of genetically engineered crop varieties with multiple favourable 
traits.

Abstract Genetic engineering and plant transformation have played a pivotal role in crop improvement via introducing 
beneficial foreign gene(s) or silencing the expression of endogenous gene(s) in crop plants. Genetically modified crops pos-
sess one or more useful traits, such as, herbicide tolerance, insect resistance, abiotic stress tolerance, disease resistance, and 
nutritional improvement. To date, nearly 525 different transgenic events in 32 crops have been approved for cultivation in 
different parts of the world. The adoption of transgenic technology has been shown to increase crop yields, reduce pesticide 
and insecticide use, reduce  CO2 emissions, and decrease the cost of crop production. However, widespread adoption of trans-
genic crops carrying foreign genes faces roadblocks due to concerns of potential toxicity and allergenicity to human beings, 
potential environmental risks, such as chances of gene flow, adverse effects on non-target organisms, evolution of resistance 
in weeds and insects etc. These concerns have prompted the adoption of alternative technologies like cisgenesis, intragenesis, 
and most recently, genome editing. Some of these alternative technologies can be utilized to develop crop plants that are free 
from any foreign gene hence, it is expected that such crops might achieve higher consumer acceptance as compared to the 
transgenic crops and would get faster regulatory approvals. In this review, we present a comprehensive update on the current 
status of the genetically modified (GM) crops under cultivation. We also discuss the issues affecting widespread adoption 
of transgenic GM crops and comment upon the recent tools and techniques developed to address some of these concerns.
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Introduction

Genetically modified (GM) crops are such crop plants whose 
genome is modified using genetic engineering techniques 
to improve the existing traits or for introduction of a new 
trait that does not occur naturally in the given crop species. 
The plants produced by the insertion of specific segments 
of foreign nucleic acid/gene sequence into its genome using 
transformation methods (such as Agrobacterium-mediated 
transformation or direct gene transfer) are known as trans-
genic plants (Griffiths et al. 2005). The inserted gene, also 
known as transgene, may come from an unrelated plant, 
bacteria, virus, fungus, or an animal species (Fig. 1). Thus, 
the advent of genetic transformation overcomes the major 
limitation of conventional plant breeding in which sexual 
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compatibility between species is prerequisite to cross them. 
In the year 1977, the natural ability of Agrobacterium tume-
faciens to stably insert Ti plasmid DNA (T-DNA) into host 
plant cell genome was discovered (Chilton et al. 1977), and 
hence, Ti plasmid was proposed as a vector to introduce for-
eign genes into plant cells. This study led the breakthrough 
related to development of transgenic plants. Subsequently, 
specific gene sequence was first reported to be transferred to 
plant cell using recombinant DNA and transformation tech-
nique (Herrera-Estrella et al. 1983a; Bevan et al. 1983; Fra-
ley et al. 1983; Murai et al. 1983). The first transgenic plants, 
viz., antibiotic-resistant tobacco and petunia, were devel-
oped in the same year (Fraley et al. 1983; Herrera-Estrella 
et al. 1983b). Murai et al. (1983) reported the expression 
of ‘phaseolin’ gene from bean in sunflower and thus their 
study demonstrated the expression of a plant gene even upon 
transfer to a taxonomically distinct angiosperm family. In 
1994, transgenic tomato, ‘Flavr Savr’ with the property of 
longer shelf life or delayed ripening developed by Calgene 
(Monsanto), was approved by Food and Drug Administra-
tion (FDA) for sale in the USA. Later on, several transgenic 

crops, such as canola with modified oil composition, Bt 
Potato, Bt maize, Bt cotton, bromoxynil herbicide-resistant 
cotton, and glyphosate-resistant soybeans, etc., received 
approval for commercialization (James 1997). The com-
mercialised transgenic crops have chiefly deployed micro-
bial genes and/or genetic elements (Kumar et al. 2018). To 
date, a total of 525 transgenic events in 32 crops have been 
commercialised (ISAAA database 2019). Of these, maize 
accounts for the maximum number of events (238), followed 
by cotton (61), potato (49), Argentine canola (42), soybean 
(41), carnation (19) and others.

The cultivation of transgenic crops has appreciably 
increased world agricultural productivity in the past two 
decades. A global meta-analysis of the impact of transgenic 
crop adoption has estimated that on an average transgenic 
technology has increased crop yields by 22% which has led 
to an estimated 68% increase in farmer profits (Klumper 
and Qaim 2014). However, crops with foreign gene(s) have 
remained the subject of some concerns owing to chances of 
gene flow between transgenic crops and its wild relatives, the 
possibility of lateral transfer of antibiotic resistance genes 

Fig. 1  Illustration of various genetic engineering techniques uti-
lised for generation of improved crop plants. Letter P and T repre-
sents promoter and terminator, respectively. a Transgenesis: insertion 
of recombinant genetic elements in which one or more components 
(gene, promoter and terminator) are taken from sexually incompat-
ible gene pool. b Cisgenesis: insertion of an identical copy of a com-
plete genetic element, including gene, promoter and terminator from 
the same gene, within the sexually compatible gene pool. c Intragen-
esis: insertion of recombinant genetic elements in which one or more 

components (gene, promoter and terminator) are isolated from differ-
ent genes within the sexually compatible gene pool. d Genome edit-
ing: introduction of targeted mutation at specific loci in the genome. 
Nucleotide pairs with green background colour represent original 
base pairs in DNA of plant whilst nucleotide pairs with violet back-
ground colour represent desired modifications in base pairs (T:A to 
A:T and C:G to T:A mutation at second and third position, respec-
tively, in base pair is shown) to be done
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to microbes in the environment and potential adverse health 
effects, such as toxicity and allergenicity to humans. Owing 
to these, transgenic crops have been facing lack of public 
acceptance in many parts of the world which, in turn, has 
precluded their widespread adoption. To overcome con-
cerns related to foreign gene insertion, two new techniques, 
namely cisgenesis and intragenesis, were developed as an 
alternative to trangenesis. In both these techniques, genetic 
elements being deployed for crop improvement via trans-
formation belong to same or closely related species, i.e. 
from sexually compatible gene pool (Fig. 1). Besides, the 
advent of the breakthrough technology of genome editing 
in recent years has enabled modifying the crop genomes 
with an unprecedented ease, accuracy and precision. A set of 
new editing techniques, using various site-specific nucleases 
(SSNs), viz., Zinc Finger Nucleases (ZFNs), Transcription 
Activator-Like Effector Nucleases (TALENs) and Clustered 
Regularly Interspaced Short Palindromic Repeats (CRISPR)/
Cas system, have, to some extent, addressed the concerns 
regarding the unpredictability and inefficiency associated 
with conventional random mutagenesis and transgenesis. 
These gene editing tools have the potential to address many 
of the regulatory issues associated with transgenics and 
hence are set to contribute to develop improved varieties 
through interventions like targeted mutagenesis, precise 
editing of endogenous gene and site-specific insertion of 
a trait gene.

In spite of biosafety and environmental concerns, the 
transgenic technology has been a method of choice for rapid 
development of improved crop plants and stacking of multi-
ple favourable traits. In the last 22 years, the global area of 
transgenic crops has increased significantly from 1.7 mil-
lion hectare in 1996 to 191.7 million hectares in 2018, i.e. 
around 113-fold increases (ISAAA 2018). There were 95.9 
million hectares (50%) of transgenic soybean, 58.9 million 
hectares (31%) of transgenic maize, 24.9 million hectares 
(13%) of transgenic cotton, 10.1 million hectares (5.3%) of 
transgenic canola and 1.9 million hectares (< 1%) of other 
transgenic crops (ISAAA 2018). Thus, transgenic technol-
ogy is regarded as the fastest crop technology to be adopted 
in modern agriculture. In 2017–18, these crops were planted 
by approximately 17 Mio. farmers in 26 countries and their 
estimated global market value was US$18.2 billion (ISAAA 
2018). The major traits, for which transgenic crops have been 
developed and approved for commercialization, include her-
bicide tolerance (HT), insect resistance (IR), disease resist-
ance, abiotic stress tolerance and nutritional enhancement. 
Amongst these, herbicide tolerance is the most common one 
which accounts for about 88.7 million hectares or 47% of 
the total area occupied by transgenic crops in the year 2017. 
After HT, transgenic crops with stacked traits (crops with 
two or more traits) and IR trait occupies approximately 41% 
and 12% of the global transgenic crop area, respectively. The 

remaining traits account for less than 1% of the total area 
occupied by transgenic crops (ISAAA 2017).

Whilst gene function studies and proof-of-concept stud-
ies for several other traits in different crop varieties using 
the transgenic technology are promising, many such stud-
ies do not get translated into the commercial release of a 
new transgenic variety. Besides, even amongst the com-
mercialised varieties, there have been reports of variation 
in the degree of improvement of a given trait in a transgenic 
variety. Against this background, the present review aims 
to summarise the current status of commercially cultivated 
transgenic crops possessing various traits, public concerns 
and potential biosafety issues related to the use of transgenic 
food crops and recent advances in genetic engineering tools 
for plants. We also comment on the future prospects of engi-
neered crops developed using genome editing tools.

Herbicide‑tolerant transgenic crops

Weeds compete with crop plants for nutrients, water, sunlight 
and space, and hence lead to significant yield losses. Owing 
to crop yield loss by weeds, active management through 
various strategies such as use of herbicides is needed. How-
ever, because most weeds are herbaceous plants, selective 
killing of the weeds whilst protecting the crop plant is not 
always possible. Therefore, developing herbicide tolerance 
trait in the main crop is a potential solution which can facili-
tate flexible use of robust non-selective and broad spectrum 
herbicides. The herbicides available for killing the weeds 
have two different modes of actions, selective or non-selec-
tive. Amongst the non-selective ones, glyphosate and glu-
fosinate are the most extensively used herbicides. Notably, 
most of the herbicide-tolerant (HT) transgenic plants have 
been developed so as to tolerate glyphosate and glufosinate. 
Glyphosate specifically inhibits 5-enolpyruvyl shikimate-
3-phosphate synthase (EPSPS) enzyme, the key enzyme 
involved in the shikimate pathway of aromatic amino acid 
biosynthesis. As the shikimate pathway is not present in 
the animal kingdom, glyphosate is not harmful for human 
beings, birds, insects and other animals. The development 
of glyphosate-resistant transgenic crops has relied on the 
heterologous expression of a glyphosate-insensitive form of 
epsps obtained from either A. tumefaciens strain CP4 (Barry 
et al. 1997; Padgette et al. 1995), or mutant version of maize 
epsps or chemically synthesized gene similar to epsps grg23 
gene of Arthrobacter globiformis. In 1996, glyphosate-toler-
ant (“Roundup Ready”) soybean harbouring cp4epsps gene 
was commercialised as the first herbicide-tolerant transgenic 
crop. Most of the commercialised glyphosate-resistant crops 
harbour this gene (Dill et al. 2008). Besides, a few commer-
cialised transgenic crops express either glyphosate oxidore-
ductase (GOX) encoding gene derived from Ochrobactrum 
anthropi or glyphosate acetyltransferase (GAT) encoding 
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gene derived from Bacillus licheniformis. Both of these are 
glyphosate-degrading enzymes which detoxify glyphosate 
to non-toxic byproducts.

The other non-selective herbicide is glufosinate (or 
phosphinothricin) which competitively inhibits glutamine 
synthetase enzyme (Lea et al. 1984). This enzyme plays a 
role in the conversion of glutamate and ammonia into glu-
tamine. Inhibition of this enzyme by glufosinate leads to 
accumulation of ammonia which inhibits photosystem I and 
II reactions (Tachibana et al. 1986; Sauer et al. 1987). Two 
different bacterial genes, namely pat and bar, from Strepto-
myces spp. were utilised for developing glufosinate-resistant 
crops. Both of these genes encode phosphinothricin acetyl 
transferase (PAT) enzyme which detoxifies this herbicide 
by acetylation. Beside the above-mentioned herbicides, HT 
transgenic crops specific to other herbicides, such as 2,4-D, 
dicamba, isoxaflutole, mesotrione, oxynil and sulfonylurea, 
have been commercialised recently. So far (1996–2018), a 
total of 351 HT events have been approved for cultivation 
(ISAAA database 2019). Amongst these, the maximum 
number of HT events (210) have been commercialised in 
maize, followed by Argentine canola (34), soybean (33), 
potato (4), carnation (4), rice (3), sugarbeet (3), wheat (1) 
and others (Fig. 2). The HT transgenic crops occupy the 
highest area amongst the commercialised transgenic crops.

Widespread cultivation of HT transgenic crops has ben-
efitted farmers in many ways, viz., yield increase due to 
more efficacious and simplified weed management, and 
reduction in overall cost for weed management (Brookes 
and Barfoot 2018). It has been estimated that in glyphosate-
resistant soybean, 38% of the economic benefit has been 
due to increase in yield whilst the remaining 62% has been 
due to reduction in cost for weed management (Green 2012; 
Brookes and Barfoot 2018). Besides, adoption of HT crops 
has reduced the environmental impact of weed management. 
For example, the profile of herbicide use changed towards 
more environmentally benign herbicides, such as glyphosate 
and glufosinate which are rapidly broken down after appli-
cation. Furthermore, adoption of the HT technology facili-
tated switching from conventional plough-based to reduced, 
minimum or no tillage production systems which resulted in 
lower greenhouse gas emissions owing to reduced usage of 
tractors (Brookes and Barfoot 2017).

Insect‑resistant transgenic crops

Insect pests and diseases cause severe crop loss. There are 
about 67,000 species of insects that cause losses to economi-
cally important crops. They damage crops by sucking sap or 
chewing plant parts like leaves, stems, and roots. Besides, 
insects also act as carriers of various plant pathogens which 
are transferred to plants at the time of feeding (Rahman 
et  al. 2012). For the control and management of insect 

pests, farmers rely on expensive chemically synthesised 
insecticides. This method of crop protection is not environ-
ment friendly and imparts economic burden on the farmers. 
Therefore, to overcome these drawbacks of insecticide use, 
newer technologies such as genetic modification of crops to 
enhance their resistance against insects have gained popu-
larity. So far, ten insect-resistant transgenic crops have been 
commercialised for cultivation. Majority of these commer-
cialised crops have been transformed with insecticidal genes 
(most commonly different variants of cry gene, and in a few 
events vip gene) which control the harmful insects attack-
ing crops (Keresa et al. 2008). Insect-resistant transgenic 
crops have the second largest area under cultivation—23.3 
million hectares in 2017 (ISAAA 2017). In all, 304 events 
have been approved worldwide for cultivation. Out of this, 
208 events comprising various IR genes in maize have been 
approved for cultivation depending upon the prevalence of 
insect pests. Other commercialised crops having various IR 
genes are cotton (49 events), potato (30 events), soybean (6), 
rice (3), sugarcane (3), poplar (2), brinjal (1), and tomato 
(1) (Fig. 2). A summary of commercially released insect-
resistant (IR) transgenic crops is presented in Supplementary 
Table 1.

The cry genes from soil bacteria Bacillus thuringiensis 
(Bt) are amongst the few highly exploited genes for develop-
ing insect-resistant transgenic crops. The cry genes produce 
Cry protein, which forms crystalline inclusions in bacterial 
spores. The Cry protein imparts insecticidal activities to 
B. thuringiensis. The Cry toxin fragment consists of three 
domains. The first causes pore formation; the second facili-
tates receptor binding and the third is instrumental in pro-
tecting the toxin from proteases. The toxin binds to specific 
receptors and gets inserted in the cell membrane of the epi-
thelial cells lining the insect midgut. Upon binding to the 
receptor, the domain I gets inserted into the membrane lead-
ing to pore formation eventually leading to insect paralysis 
and death. Cry genes from different isolates of B. thuring-
iensis provide resistance against wide variety of insect pests, 
i.e. Lepidopterans, Coleopterans and Dipterans (McPherson 
et al. 1988; Yamamoto and Mclaughlin 1981). Many variants 
of cry genes have been reported and used in gene stacking 
to confer stable insect resistance. An added advantage of 
using the cry genes is the non-toxicity of the Cry protein to 
mammals. Cotton was the first commercially successful crop 
in which cry genes were incorporated to provide resistance 
against lepidopteron insect pest (Perlak et al. 1991). After 
the success of transgenic cotton, cry genes have been incor-
porated in many crops, viz., potato (Adang et al. 1993), rice 
(Fujimoto et al. 1993; Wunn et al. 1996), canola (Tabashnik 
et al. 1993; Stewart et al. 1996; Ramachandran et al. 1998; 
Halfill et al. 2001), soybean (Parrott et al. 1994; Dufourm-
antel et al. 2005; Dang and Wei 2007), maize (Koziel et al. 
1993; Vaughn et al. 2005; Gassmann et al. 2011), chickpea 
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(Sanyal et al. 2005; Indurker et al. 2007; Acharjee et al. 
2010; Mehrotra et al. 2011), alfalfa (Tohidfar et al. 2013), 
and tomato (Mandaokar et al. 2000; Kumar and Kumar 
2004; Koul et al. 2014). Apart from cry, other insecticidal 
genes such as vip genes which encode vegetative insecticidal 
proteins have been deployed in commercialised crops. The 
vip genes were isolated from Bacillus species (B. thuring-
iensis and B. cereus) (Fang et al. 2007). To date, vip3A(a) 
and vip3Aa20 genes have been heterologously expressed in 

cotton and maize, respectively (Supplementary Table 1 and 
ISAAA database 2019).

Beside cry and vip genes, protease inhibitor (PI) encoding 
genes from different sources, such as plants, bacteria and 
fungi, have also been used to engineer plants for insect resist-
ance. Protease inhibitors are naturally occurring defense-
related proteins in plants which are released in response 
to any physical injury or insect attack. Protease inhibitors 
work by inhibiting the proteolytic enzymes present in the 

Fig. 2  Diagrammatic represen-
tation of commercialised trans-
genic (GM) crops with various 
improved traits viz., insect 
resistance, herbicide tolerance, 
nutritional improvement, dis-
ease resistance and abiotic stress 
tolerance. Numbers in parenthe-
ses represent numbers of com-
mercialised transgenic events 
in the particular crop. The trait-
wise major genes employed for 
GM crop development are given 
beside the arrows. cry (vari-
ants)—crystal proteins; vip3a—
vegetative insecticidal protein; 
pin II—proteinase inhibitor II; 
cpt I and II—Cowpea trypsin 
inhibitor; esps—5-enolpyru-
vylshikimate-3-phosphate syn-
thase; pat—phosphinothricin 
acetyltransferase; gat—glypho-
sate acetyltransferase; bar—
bialaphos resistance; gox—
glyphosate oxidoreductase; 
fad (variants)—flavin adenine 
dinucleotide; te—thioesterases; 
fatB—dapA-dihydrodipicolinate 
synthase; crt1—Calreticulin; 
psy1—phytoene synthase; 
pmi—phosphomannose isomer-
ase; pvy—coat protein of potato 
virus Y; prsv—coat protein 
of papaya ring spot virus; 
cmv—coat protein of cucumber 
mosaic virus; zymv—coat pro-
tein of zucchini yellow mosaic 
virus; wmv—coat protein of 
watermelon mosaic virus; ppv—
coat protein of plum pox virus; 
Ac1—encoding viral replication 
protein (Rep) from bean golden 
mosaic virus 
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insects and their larvae gut, thus rendering the insect unable 
to acquire amino acids necessary for its growth and develop-
ment (Broadway and Duffey 1986). Protease inhibitors like 
trypsin inhibitor (encoded by the gene CpTI) (Hilder et al. 
1987) and potato protease inhibitor II (encoded by the gene 
pinII) (Duan et al. 1996; Majeed et al. 2011) inhibit insect 
digestive enzymes. The cptII and potato protease inhibitor II 
gene have been utilised to provide resistance against insects 
in tobacco, and rice and cotton, respectively. To the best of 
our knowledge, there are only three commercially approved 
events in which protease inhibitor encoding genes were 
utilised to confer resistance against a wide range of insect 
pests, and these are cptI gene from Vigna unguiculata intro-
duced in cotton, api gene (encoding the Arrowhead Protease 
Inhibitor) from Sagittaria sagittifolia introduced in poplar 
and pinII gene from Solanum tuberosum introduced in maize 
(ISAAA database 2019).

Abiotic stress‑tolerant transgenic crops

A plethora of environmental factors referred to as abiotic 
stresses, such as drought, heat, cold, flooding, salinity, etc., 
exert a negative impact on growth and development of crop 
plants, leading to reduction in grain yield (reviewed by 
Suzuki et al. 2014). With the ever-changing climatic condi-
tions, the impact of these abiotic stresses is believed to be 
increasing (Tuteja and Gill 2014). To cope up with abiotic 
stresses, plants alter their metabolism in many ways, such 
as by activating signalling cascades and regulatory proteins 
(for example, transcription factors and heat shock factors), 
activating/modifying antioxidant defence system to maintain 
cellular homeostasis, synthesising and accumulating com-
patible solutes (polyamines, sugars, betains, proline, etc.) 
which assist in osmotic adjustment, etc. (Rizhsky et al. 2004; 
Gao et al. 2007; Koussevitzky et al. 2008; Gill and Tuteja 
2010; Rasmussen et al. 2013; Gupta et al. 2015; Onaga and 
Wydra 2016; reviewed by Raza et al. 2019). These adaptive 
changes in plants in response to abiotic stresses, in turn, help 
in minimising the adverse effects on plants by maintaining 
the near-optimal conditions for plant growth and develop-
ment. At the molecular level, abiotic stresses cause altera-
tions in expression of an array of genes. Therefore, abiotic 
stress adaptation requires interplay of many gene networks. 
Due to complexity of the trait, lesser number of events con-
ferring abiotic stress tolerance has been commercialised as 
compared to traits like herbicide, insect and disease resist-
ance. To date, seven, three and two events pertaining to abi-
otic stress tolerance have been commercialised in maize, 
sugarcane and soybean, respectively (ISAAA database 2019) 
(Fig. 2).

Castiglioni et al. (2008) demonstrated the use of bacterial 
cold shock proteins (csp) towards mitigation of the effects of 
abiotic stresses, such as cold in Arabidopsis; cold, heat and 

water-deficit in rice; and water-deficit in maize. In this study, 
cspA gene from E. coli and cspB gene from soil bacterium, 
B. subtilis, were used. Further, it was demonstrated that the 
use of cold shock proteins for transgenic plants did not lead 
to pleiotropic effects. The transgenic maize displayed nor-
mal phenotype under well-watered conditions, and showed 
better adaptation during water-scarce conditions. The cold 
shock proteins used are a class of bacterial RNA chaperones. 
Like the protein chaperones, RNA chaperones resolve the 
misfolded RNA structures into stable forms. Hence, they 
contribute towards maintaining cellular functions during 
dehydration stress conditions by maintaining RNA stabil-
ity and protein translation (Castiglioni et al. 2008). Karl-
son et al. (2002) reported the presence of a homolog of E. 
coli CSPA in wheat (Triticum aestivum). The said homolog, 
WCSP1, was found to have two RNA-binding domains and 
the concentration of the protein was found at elevated lev-
els upon cold treatment. Similarly, GRP2, an RNA-binding 
protein from Arabidopsis (Arabidopsis thaliana), has been 
reported to have dual role in adaptation to cold and salt stress 
(Kim et al. 2007). Kim et al. (2013a, b) demonstrated the 
use of the cold shock protein, Csp3, for salt and drought 
tolerance. The CspB protein has been used in Monsanto’s 
drought-tolerant transgenic maize hybrids commercialised 
as Genuity® DroughtGuard™ (MON 87460 event) launched 
in the United States in 2013 (James 2013). Other six events 
in maize have been created involving stacking of herbicide-
resistance and/or insect-resistance events with drought stress 
tolerance (ISAAA database 2019). The drought-tolerant 
maize thus developed showed appreciable reduction in 
water loss via transpiration under stress conditions thereby 
reducing the requirement of water for the plant. This vari-
ety aimed to solve two of the most devastating problems in 
the Sub-Saharan Africa region, viz., drought and insect pest 
by developing stacked drought-tolerant and insect-resistant 
maize (James 2013, 2015). In 2017, transgenic maize with 
stacked drought tolerance and insect resistance (Bt) were 
planted for demonstration by limited number of smallholder 
farmers and promising results were found (ISAAA 2017).

Apart from chaperones, transcription factors (TFs) have 
also been used successfully for imparting abiotic stresses tol-
erance. One such class of TFs is the homeodomain-leucine 
zipper (HD-Zip) class of TFs, which are unique to plants. 
HD-Zip TFs possess highly conserved homeodomain (HD) 
and leucine zipper (Zip) motifs (Ariel et al. 2007; Perotti 
et al. 2017). These transcription factors have been shown 
to interact with abscisic acid-regulated developmental net-
works, which potentiate linkage of environmental dynam-
ics to gene expression. For instance, Hahb-4, a Helianthus 
annuus (sunflower) homeobox-leucine zipper gene, is 
strongly and reversibly induced by water-deficit conditions 
and binds to cis-elements of genes regulated by dehydration 
(Gago et al. 2002). Over-expression of this TF driven by a 
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constitutive or its own promoter has been shown to impart 
drought tolerance (Dezar et al. 2005) and improves yield in 
control as well as in stress conditions (Chan et al. 2013a, b). 
An event with heterologous expression of sunflower Hahb-
4 in transgenic soybean has been approved for cultivation 
in Argentina in 2015 and in USA and Brazil in 2019 under 
the name Verdeca HB4 soybean (https ://www.isaaa .org/). 
The transgenic HB4 soybean has demonstrated up to 14% 
yield increase under drought and low-water conditions dur-
ing multi-location field trials for six seasons in Argentina 
and the USA.

Sugarcane is the other drought-tolerant transgenic crop 
approved for commercial cultivation in Indonesia in 2013. 
Three transgenic events have been approved which were cre-
ated using betA gene from E. coli and Rhizobium meliloti 
(https ://www.isaaa .org/). The betA gene codes for choline 
dehydrogenase, which catalyses formation of the osmopro-
tectant compound glycinebetaine, which aids adaptation to 
water stress (Takabe et al. 1998; Khan et al. 2009; Singh 
et al. 2015). It has been shown that accumulation of osmo-
protectant or compatible solutes like non-reducing sugars 
(fructan, trehalose mannitol, and sorbitol), proline and 
glycinebetaine help plants to survive under osmotic stress 
(Chen and Murata 2002; Singh et al. 2015). These osmo-
protectants may have a role in protecting cell membrane and 
maintaining its osmotic potential. Glycinebetaine (N,N,N-
trimethyl glycine) is considered as the most compatible sol-
ute. Increase in its level help to stabilise enzymes and pro-
tein structures, and maintain integrity of the cell membrane 
during environmental stress condition (Nahar et al. 2016). 
These transgenic sugarcane plants can withstand water stress 
conditions up to 36 days (James 2015) and produce 10–30% 
higher sugar than the non-transgenic plants under drought 
conditions in field trial (Waltz 2014).

Disease‑resistant transgenic crops

Diseases caused by pathogens, such as nematodes, fungi, 
bacteria and viruses, cause extensive loss in the crop yield. 
Plant diseases are often managed through application of 
agrochemicals. However, the environmental hazards caused 
by the use of agrochemicals warrant exploration of alterna-
tive strategies to tackle plant diseases. Further, there are pos-
sibilities of development of chemical-resistant pests due to 
indiscriminate use of chemicals. To overcome the challenges 
posed by plant pathogens, it is important to develop inherent 
disease resistance in crop plants. This requires delineating 
the genes responsible for disease resistance and transfer-
ring the same to plants through breeding or biotechnological 
approaches. So far, 29 transgenic events pertaining to resist-
ance to various diseases have been commercialised glob-
ally; of which, 25 events confer resistance against viruses. 
Most events for disease-resistance trait have been reported 

in potato (19 events) followed by four events in papaya, two 
events in squash and one event in bean, plum, sweet pepper 
and tomato each (Fig. 2). Most of the virus-resistant trans-
genic crops have been developed via gene silencing tech-
niques, such as co-suppression/RNAi and antisense RNA 
targeted against viral genes (Tricoli et al. 1995; Yan et al. 
2007). Four different transgenic approaches that have been 
employed successfully for developing virus resistance are 
expressing viral coat protein (cp) gene to confer resistance 
through "pathogen-derived resistance" mechanism; express-
ing defective viral replicase and/or helicase domain to confer 
resistance through gene silencing mechanism; expressing 
sense and antisense RNA strands of viral replication protein 
(Rep); and use of antisense RNA to degrade mRNA coding 
for an important viral protein.

In one event commercialised in squash, resistance was 
conferred against three viruses, viz., cucumber mosaic virus, 
zucchini yellow mosaic virus and watermelon mosaic poty 
virus 2 by expressing the viral coat protein (cp) gene as 
transgene (Marc and Dennis 1995). In papaya, the transgenic 
technology has been successfully used for conferring resist-
ance against papaya ring spot virus (PRSV). Coat protein of 
PRSV was expressed to impart resistance against the virus 
through the pathogen-derived resistance mechanism and 
the event was commercialised under the trade name Rain-
bow, SunUp (Ferreira et al. 2002). An event was created and 
commercialised in deciduous tree, Prunus domestica using 
the coat protein of plum pox virus (PPV) (Ravelonandro 
et al. 1997; Malinowski et al. 2006). Similarly, resistance 
against cucumber mosaic virus (CMV) has been shown to 
be imparted in sweet pepper (Zhu et al. 1996) and tomato 
(Yang et al. 1995) via expressing viral coat protein. Amongst 
the examples of technologies using defective replicase gene 
for providing viral resistance, in one of the studies, the repli-
case (rep) gene of PRSV was used to generate virus-resistant 
plants and commercialised in an event named as Huanong 
No. 1 papaya (Guo et al. 2009). Besides, using sense and 
antisense RNA molecules against viral replicating protein 
(Rep), an event reported to confer resistance against bean 
golden mosaic virus in Phaseolus vulgaris was commercial-
ised (Faria et al. 2006). In potato, out of 19 disease-resistant 
commercialised events reported, 18 are stacked either with 
insect-resistance (IR) or modified product quality trait. The 
disease-resistance and IR traits were stacked via express-
ing cry3A gene alongwith either potato virus Y (PVY) coat 
protein (cp) gene or gene encoding replicase (plrv_orf1) 
and helicase (plrv_orf1) domain of the potato leaf roll virus 
(PLRV) (Kaniewski et al. 1990; Thomas et al. 2000). Some 
multi-trait stacked events impart resistance against foliar leaf 
blight along with fewer black spots, decreased accumulation 
of reducing sugars and lower free asparagine content. A gene 
implicated in late blight resistance, rpi-vnt1 from Solanum 
venturii, was used to confer resistance for foliar late blight 

https://www.isaaa.org/
https://www.isaaa.org/
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disease (Foster et al. 2009) and these events were commer-
cialised under the names Innate® Acclimate and Innate® 
Hibernate (ISAAA database 2019).

Nutritionally improved transgenic crops

Provitamin A biofortified rice

Vitamin A deficiency (VAD) is a major public health con-
cern and has been estimated to affect nearly one-third of 
preschool aged children and 15% pregnant women globally 
in 2005 (WHO 2009). The highest frequency of VAD in 
children is in developing parts of world, such as sub-Saharan 
Africa (48%) and South Asia (44%). The precursor molecule 
required for vitamin A biosynthesis is beta (β)-carotene, 
which does not occur naturally in edible parts of staple food 
crops such as rice. To combat vitamin A deficiency, trans-
genic rice enriched with provitamin A in its endosperm by 
engineering pathway for β-carotene biosynthesis was devel-
oped (Ye et al. 2000). This engineered rice was named as 
‘Golden rice’ due to its yellow colour. Two foreign genes—
the psy gene encoding for phytoene synthase from daffodil 
and the crtI gene encoding for carotene/phytoene desaturase 
from bacterium, Erwinia uredovora, which in turn, recon-
stitute the carotenoid biosynthetic pathway within the rice 
endosperm were introduced in the japonica rice cultivar 
Taipei309 (Ye et al. 2000). In this breakthrough study, up to 
1.6 µg/g total carotenoid accumulation was reported. How-
ever, it was too low an amount to solve the VAD problem. 
Later, Syngenta introduced the two transgenes- psy and crtI 
under the control of an endosperm-specific promoter in 
the American rice variety Cocodrie and developed Golden 
Rice 1 (GR1) which accumulates upto 6 µg/g carotenoid 
in endosperm (Al-Babili and Beyer 2005). It was hypoth-
esised that the psy transgene was the limiting step to achieve 
high carotenoid accumulation. Therefore, in 2005 Syngenta 
introduced maize psy gene (which has much higher activity 
than its daffodil orthologue) along with the bacterial crtI 
gene into the American rice variety Kaybonnet and pro-
duced a new version of engineered rice which was named 
as ‘Golden Rice 2′ (GR2) (Paine et al. 2005). Expression 
of both the transgenes in GR2 was driven by endosperm-
specific glutelin-1 promoter from rice. The endosperm of 
GR2 plants accumulates up to 37 µg/g (9–37 µg/g) total 
carotenoid which is about 23 times more than the original 
golden rice and 84% of which is ß-carotene (Paine et al. 
2005). Six GR2 events developed by Syngenta have been 
made available for use in public sector breeding programs by 
Humanitarian Board on Golden Rice. Recently, International 
Rice Research Institute, Philippines introduced maize psy1 
and Pantoea ananatis bacterium crtI genes into rice and the 
variant was named as Golden Rice 2E (GR2E). This trans-
genic rice also possesses the phosphomannose isomerase 

(pmi) gene from Escherichia coli strain K-12 which acts as 
a selectable marker allowing transformed rice cells to grow 
on mannose as a carbon source. In 2017–18, one event of 
this provitamin A biofortified rice line GR2E was approved 
for use as food in Australia, New Zealand, Canada and the 
United States under the Golden Rice trade name (ISAAA 
database 2019) (Fig. 2).

Modified oil/fatty acid

Metabolic engineering of oilseed crops through the trans-
genic approach has been utilised extensively for improv-
ing the nutritional qualities of seed oil such as altering the 
endogenous fatty acid composition to make it free of trans-
fats for health benefits and for increasing the shelf life of 
oils. Oils with low saturated fatty acid content and having a 
higher proportion of polyunsaturated fatty acids (PUFAs) are 
considered to be better for human consumption (WHO 2008; 
FAO 2010). Examples of such oils include oils derived from 
fish, walnuts, flaxseeds, sunflower, safflower, soybean and 
corn. Dietary replacement of saturated fats with polyunsatu-
rated or monounsaturated fats is believed to be beneficial for 
the heart as it reduces the levels of low-density lipoproteins 
(LDLs) also referred to as "bad" cholesterol and triglycer-
ides in the blood. It has been shown that when long-chain 
triglycerides (LCTs) are substituted with medium-chain tri-
glycerides (MCTs) in the diet, it results in increase of basal 
metabolic rate, storage of less adipose tissue (Geliebter et al. 
1983; St-Onge and Jones 2003). Oils are also one of the 
major sources of essential fatty acids, viz., oleic acid, lin-
oleic acid and alpha-linolenic acid. Besides, higher content 
of monounsaturated fatty acids (MUFAs) results in improved 
stability and flavour. To date, 18 transgenic events with 
modified lipid content from three oilseed crops, viz., Argen-
tine canola (4 events), safflower (2 events) and soybean (12 
events), have been commercialised (ISAAA database 2019) 
(Fig. 2; Supplementary Table 2).

The U.S. Department of Agriculture (USDA) has 
approved Vistive Gold® soybean developed by Monsanto 
which has < 3% linolenic acid content in its seed oil, vis-
a-vis 8% for traditional soybeans. A lower linolenic acid 
content oil is more stable and hence requires less hydrogena-
tion leading to a concomitant reduction in trans-fatty acids. 
Recently, Camelina sativa has been engineered with genes 
from marine microbes to produce high levels of omega-3 
long-chain polyunsaturated fatty acids (PUFAs) like eicosa-
pentaenoic acid (EPA) and docosahexaenoic acid (DHA) 
similar to those found in fish oil (Ruiz-Lopez et al. 2014; 
Usher et al. 2017). The omega-3 fatty acids are considered 
good, for their well-known role in brain development and 
reducing risk for cardiovascular disease keeping the heart 
healthy. Similarly, Argentine Canola has been genetically 
transformed for higher production of the omega-3 fatty 
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acid—DHA. This transgenic canola was developed by intro-
ducing seven genes sourced from yeast and marine micro-
algae, which are involved in the metabolism of long-chain 
polyunsaturated fatty acids (with 20 or more carbons). In 
2018, Nuseed Pvt Ltd has been granted regulatory approval 
to release this DHA-enriched canola for commercial cultiva-
tion in Australia (Supplementary Table 2).

Essential Amino Acids

Humans and animals cannot synthesise certain amino acids 
and should obtain them through diet. Amongst the essential 
amino acids, lysine (Lys), tryptophan (Trp) and methio-
nine (Met) are particularly relevant for biofortification as 
they are not abundantly found in cereals (Lys and Trp) and 
legumes (Met). In the previous decade, a few transgenic 
approaches targeted altering the amino acid composition 
of plant proteins with an aim to engineer essential amino 
acid metabolic pathways and increasing the content of par-
ticular essential amino acid(s) for nutritional enhancement. 
Transgenic wheat and rice have been developed by heter-
ologously expressing lysine-rich pea legumin protein in the 
endosperm (Sindhu et al. 1997; Stoger et al. 2001). Another 
success was achieved by engineering a seed storage protein 
from Amaranthus hypochondriacus in cereals. This protein 
is rich in all the essential amino acids needed by humans. 
In Rascón-Cruz et al. 2004 and others developed transgenic 
maize expressing AH protein in its seeds. These seeds were 
found to have up to 32% more protein content than the wild-
type seeds and with larger amounts of the essential amino 
acids, such as lysine, tryptophan and isoleucine. Similarly, 
Bicar et al. (2008) developed transgenic maize by heterolo-
gously expressing lysine-rich animal proteins, i.e. porcine 
α-lactalbumin that increased the lysine content by 47%.

So far, two transgenic events with modified amino acid 
trait have been commercialised in maize (Fig. 2). These 
events employed the cordapA gene from Corynebacterium 
glutamicum to increase free lysine content in maize kernels 
via embryo-specific expression of the transgene. The cor-
dapA gene encodes a dihydrodipicolinate synthase (DHDPS) 
enzyme which catalyses the first committed step of lysine 
biosynthesis pathway in plants and bacteria (Azevedo and 
Lea 2001). In plants, DHDPS is inhibited by lysine through 
feedback inhibition, and hence, it acts as the rate-limiting 
step in lysine production (Galili 1995). The DHDPS enzyme 
isolated from bacteria has > 50-fold lower sensitivity than 
the plant enzyme, i.e. it is insensitive to feedback inhibition, 
which allows the synthesis of lysine even in the presence 
of high lysine content (Cremer et al. 1988; Vauterin et al. 
2000). Out of the two commercialised events in maize, one 
is stacked event having more lysine production and insect-
resistance (cry1Ab gene) trait (ISAAA database 2019).

Concerns associated with the transgenic crops

The global adoption of transgenic crops in past two decades 
has delivered economic and environmental benefits in terms 
of increased crop yield, reduced chemical insecticide and 
herbicide applications, reduced  CO2 emission, increased 
farmer income and improved consumer health (Klumper 
and Qaim 2014; Zhang et al. 2016; ISAAA 2017; Brookes 
and Barfoot 2017 and 2018). However, some concerns have 
been raised about these crops being ecologically hazardous 
and potentially unsafe for human consumption. There are 
five principal concerns against transgenic crops, which are 
briefly discussed below.

Biosafety issues related to transgenic crops

Concerns have been expressed regarding the safety of 
transgenic food in terms of potential threat to human health 
(toxicity and allergencity) and environment (possibility 
of transgene flow into environment and adverse effect on 
biodiversity) (Mertens, 2008; Suzie et al. 2008; Lovei and 
Bøhn 2010). The issue of potential health risk of toxicity 
and allergenicity associated with transgenic crops has always 
been controversial. For instance, Cry9c expressing ‘Starlink’ 
maize has been approved for animal feed and industrial use 
in the USA in 1998 but is not approved for human consump-
tion owing to its possibility for being allergenic to humans 
due to high stability of the protein (Bucchini and Goldman 
2002) and the potential to interact with immune system. 
Later, this Lepidopteron insect-resistant maize named ‘Star-
link’ was recalled worldwide by Aventis in 2000 owing to 
detection of residues of the Cry protein in food products 
(EPA 2017). However, direct link could not be established 
between Cry9c and allergic reactions in consumers.

The results of one of the most controversial and criti-
cised studies (Seralini et al. 2012) have claimed potential 
health hazards, viz., high tumour incidences, chronic kidney 
disease, increased liver congestion and necrosis in males, 
and increased female mortality in rats fed with transgenic 
NK-603 Roundup Ready maize. Since its publication, this 
study has been subjected to heavy criticism from the scien-
tific community, popularly known as the ‘Seralini affair’, due 
to flawed experimental design, and inappropriate statisti-
cal analysis which led to eventual retraction of this article. 
In 2014, the same group republished a nearly similar work 
in an expanded form, and stressed the need for conducting 
long-term feeding trials to thoroughly evaluate the safety 
of transgenic crops (Seralini et al. 2014).With only a few 
exceptions, most of the studies from the past decade pertain-
ing to health hazards of transgenic crops, such as maize, rice, 
wheat and soybean on rodents, poultry, pigs, frogs, cows, 
and monkeys, have not reported adverse effects of a diet 
comprising transgenic food on animal health (as reviewed by 
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Domingo 2016; Tsatsakis et al. 2017; De Vos and Swanen-
burg 2018). Further, concern has also been raised about 
the possibility for horizontal transfer of antibiotic-resistant 
marker genes from transgenic food to animal and human gut 
microbes which may result in antibiotic resistance in the gut 
microflora (Netherwood et al. 2004; Heritage 2004; Keese 
2008). However, the possibility of this type of gene trans-
fer is extremely low. Moreover, to address this issue, recent 
efforts have focused on developing marker-free transgenic 
crop plants (Tuteja et al. 2012).

The issue related to adverse effects on the environment 
includes the pollen-mediated transgene flow, which has 
been reported from transgenic crops to conventional cul-
tivars as well as to wild relatives of many crops, like rice, 
maize, cotton, barley, beans, creeping bent grass and rape-
seed (Chen et al. 2004; Watrud et al. 2004; Ford et al. 2006; 
Han et al. 2015; Yan et al. 2015).The potential introgression 
of a transgene from transgenic crops to their wild relatives 
would pose the risk related to loss of biodiversity whilst 
gene flow to weedy relatives or weeds might have detrimen-
tal effects, such as advent of new weed species and appear-
ance of herbicide-resistant weeds referred as ‘superweeds’. 
For instance, out of 24 glyphosate-resistant weed species, 
so far, 16 have been reported from transgenic cropping sys-
tems (Heap 2014). Amongst them Conyza canadensis is the 
most widespread weed plant whilst Amaranthus palmeri 
and Amaranthus tuberculatus are the two most economi-
cally damaging glyphosate-resistant weeds globally (Heap 
and Duke 2018).

Resistance breakdown

Extensive cultivation of transgenic IR and HT crops may 
increase chances of resistance development in the targeted 
insect population and weeds, respectively due to high selec-
tion pressure. The high selection pressure may potentially 
lead to evolution of new insect biotypes and can potentially 
result in the emergence of a superweed having resistance 
against the transgenic technology (Bawa and Anilakumar 
2013; Gilbert 2013). For instance, field-evolved pest resist-
ance to Bt maize has been reported for three major pest 
species, viz., Busseola fusca (African stem borer) in South 
Africa to cry1Ab expressing corn (Rensburg 2007), Spodop-
tera frugiperda (fall armyworm) in Puerto Rico to cry1F 
expressing corn (Storer et al. 2010) and D. virgifera virgifera 
(western corn rootworm) in USA to cry3Bb expressing corn 
(Gassmann et al. 2011). Similarly, field-evolved pest resist-
ance to Bt cotton has been reported for two pest species; 
Pectinophora gossypiella (pink bollworm) in India to cry1Ac 
expressing cotton (Bagla 2010) and Helicoverpa zea (cot-
ton bollworm) in USA to cry1Ac and cry2Ab (Luttrell et al. 
2004; Tabashnik et al. 2008; Tabashnik and Carrière 2010). 
Further, an analysis of 77 studies confirmed field-evolved 

pest resistance to Bt crops for these 5 out of 13 major pest 
species (Tabashnik et al. 2013). The fall armyworm resist-
ance to Bt maize in Puerto Rico was reported in the shortest 
time, i.e. just after 3 years which prompted withdrawal of 
the crop. Nonetheless, these few examples notwithstanding, 
experience with Bt crops have demonstrated that resist-
ance in crops can remain effective against most pests even 
after a decade (Tabashnik et al. 2008; Carrière et al. 2010). 
Moreover, pyramiding of multiple insect-resistant genes is 
a strategy which has been successfully utilized to delay the 
resistance breakdown.

Adverse effects on non‑target organisms

Potential unintended effects of transgenic crops on non-
target organisms have also been explored in the literature. 
For example, Losey et al. (1999) reported the higher mor-
tality of monarch butterfly (Danaus plexippus) larvae fed 
on milkweed leaves dusted with the genetically modified Bt 
maize as compared to control under laboratory condition. 
This report sparked off controversy due to flaw in experi-
mental design and extrapolation of lab assays to fields. Sub-
sequent studies concluded negligible or no adverse effect of 
Bt maize on monarch larvae (Dively et al. 2004; Sears et al. 
2001). Besides, reduction in monarch butterfly population 
has also been reported in Mexico and USA upon adoption of 
glyphosate-resistant transgenic crops. The decline in breed-
ing habitat due to killing of milkweed plant by increased use 
of glyphosate was found to be the main reason for reduc-
tion in monarch butterfly population (Brower et al. 2012). 
Furthermore, shift in weed population, such as shatter cane, 
common water hemp, hemp sesbania, velvetleaf, nut edge 
and night shade, has also been reported due to continuous 
usage of glyphosate (Mertens 2008). It is possible that kill-
ing of the major pests may allow secondary pests to take 
over as major pest. For instance, it has been reported that 
wide-scale adoption of Bt cotton in China led to increase in 
population size of a previous minor pest, mirid bug, which 
in turn, acquired major pest status in past decade (Lu et al. 
2010).

Cost for commercialization

One of the major limiting factors for development and 
deployment of transgenic crop products is the high cost of 
safety assessment and lengthy as well as complex regulatory 
approval process required for commercialization (Davison 
2010; Miller and Bradford 2010). McDougall (2011) esti-
mated that the average cost for regulatory safety assessment, 
securing global registration and authorizations was US$ 
35.01 million. It has further been estimated that the complete 
process from the initiation of a transgenic crop development 
project to its commercial launch was about 13 years. The 
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safety evaluations and obtaining regulatory approval account 
for the longest phase in transgenic product development and 
commercialization process (McDougall 2011). Smart et al. 
(2017) estimated that the mean approval time for these crops 
to pass through the regulatory pipelines of the European 
Union (EU) and the United States (US) was about 5 years 
(1763 days) and 7 years (2467 days), respectively. Owing 
to high resource intensive and time-consuming regulatory 
approval process, transgenic crop development and commer-
cialization are not affordable by small companies and public 
institutions, which in turn, acts as a bottleneck for entry of 
small biotechnology firms into this sector.

Oligopoly of multinational companies

The genes used for development of crop with improved traits 
are patentable thus limiting the access of useful genetic ele-
ments to others. Most of the commercialised GM crop events 
are developed and patented by a few multinational compa-
nies (MNCs). This owes, in part, due to the tremendous 
cost associated with research, development and regulatory 
process. The big five MNCs namely, Monsanto, Syngenta, 
Bayer CropScience, Dupont and Groupe Limagrain account 
for about 70% of GM seed market (Business Wire 2016). 
Further, these five MNCs are acquiring, merging and form-
ing joint ventures with competing smaller firms which might 
reduce the competition in this industry. Therefore, farmers 
may have fewer choices due to dominance of a handful 
of companies in the seed market which, in turn, raise the 
concern about possible exploitation of farmers by charging 
higher price for GM seeds.

Beyond traditional transgenic technology: 
alternative technologies for generating improved 
crop plants

Owing to public concern and lesser consumer acceptance of 
transgenic crops in many parts of the world, a set of alterna-
tive technologies have been utilised for developing improved 
crops in the recent years. These new alternative methods, 
such as cisgenesis, intragenesis and the most recent one, 
genome editing, aim to eliminate various public concerns 
and uncertainties associated with the transgenic technology 
in the past. These techniques make use of a genetic modi-
fication step, but the end products (modified crop genome) 
can be so designed that they do not contain any foreign 
gene (transgene). Therefore, crop plants developed using 
such techniques are genetically similar to plants developed 
through breeding. Importantly, these techniques can also be 
used to develop improved crop plants which are otherwise 
difficult to obtain through the traditional breeding methods. 
A comprehensive updated picture on the current status of 

the crops developed by employing such alternative methods 
is given below.

Cisgenesis and intragenesis

Cisgenesis technique implies genetic modification by intro-
ducing a copy of complete natural gene sequence including 
intron(s) as well as its own regulatory elements (native pro-
moter and terminator) in the sense orientation. The source 
of the desired cisgene is the crop species itself or a sexually 
compatible plant species (Fig. 1) as used in conventional 
breeding (Schouten et al. 2006). However, unlike conven-
tional plant breeding, cisgenic crops contain the desired 
gene(s) only and no undesired genetic elements. Success-
ful deployment of cisgenesis has been reported for impart-
ing improved trait in crop plants, like late blight resistance 
in potato (Haverkort et. al. 2009), scab resistance in apple 
(Vanblaere et al. 2011), and high phytase activity in barley 
(Holme et al. 2012). To the best of our knowledge, no cis-
genic event has been commercialised so far.

Intragenesis involves introducing desired gene(s) origi-
nated from the same crop species or sexually compatible 
plant species in the sense or antisense orientation. How-
ever, the regulatory elements, such as promoter and termi-
nator, could be from other genes, i.e. not from the same 
gene thus giving novel genetic combination (Fig. 1) (Rom-
mens et al. 2007). This can lead to change in expression 
pattern of desired gene which may be driven by regulatory 
elements from other genes. Intragenesis has been used suc-
cessfully for tuber-specific silencing of asparagine syn-
thase-1 (StAst1) gene in potatoes with the aim to reduce 
acrylamide (potential carcinogen) levels after process-
ing. The field trial results reported up to 70% reduction in 
acrylamide forming potential of potatoes without affecting 
the tuber shape and yield (Chawla et al. 2012). Recently, 
J.R. Simplot Co. has developed intragenic potato exhibiting 
multiple traits, such as low acrylamide, resistance to bruising 
and discoloration (Waltz 2015). This potato was created by 
tuber-specific silencing of four genes, i.e. asn1 (asparagine 
synthetase 1), ppo5 (polyphenol oxidase 5), PhL (a-glucan 
phosphorylase), and R1 (starch-related R1 protein). Silenc-
ing of asn1 lowers asparagine formation which results in 
reduced potential for acrylamide formation whilst cooking at 
high temperature. Silencing of ppo5 imparts reduced black 
spot bruise development characters whilst silencing of PhL 
and R1 leads to less reducing sugar accumulation which fur-
ther contributes to reduced acrylamide formation. Various 
events of the improved potato developed using intragenesis 
have been commercialised under different trade names, like 
Innate® Cultivate, Innate® Generate, Innate® Accelerate 
and Innate® Invigorate (ISAAA database 2019).

In 2012, the European Food Safety Authority (EFSA) GM 
organism panel assessed the risk associated with cisgenic 
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and intragenic plants vis-à-vis transgenic plants and con-
ventionally bred plants. The panel concluded that potential 
risk associated with cisgenic plants is similar to tradition-
ally bred plants, whilst for intragenic and transgenic plants, 
novel potential hazards are possible (EFSA 2012). The US 
Department of Agriculture (USDA) considers the cisgenic 
and intragenic plants as non-regulated (exempted from 
Biotechnology/GM organism regulation) provided that the 
introduced genetic elements are not derived from “plant 
pests”. Recently, intragenic tomato lines resistant to tomato 
spotted wilt virus (TSWV) and cauliflower mosaic virus 
(CMV) developed by Nexgen Plants Pty Ltd using RNAi-
mediated silencing approach have been de-regulated in the 
USA (USDA APHIS 2020).

Genome editing

Amongst the genetic modification technologies, genome 
editing technology is the latest one. Genome editing tech-
nologies can be used so that specific gene(s) and/or other 
genetic elements can be stably mutated, knocked out, or 
replaced. This technique utilises either a sequence-specific 
nuclease (SSN) to produce precise gene knockout and knock-
in edits, or synthetic oligonucleotides to introduce specific 
point mutations in the target DNA region (Songstad et al. 
2017) (Fig. 1). Synthetic oligonucleotides (RNA/DNA chi-
meric oligonucleotides or single-stranded DNA oligonucleo-
tide molecule of 20–100 nucleotides) have also been utilised 
recently for targeted editing such as producing custom single 
nucleotide polymorphisms (SNPs). This technique is known 
as Oligonucleotide-Directed Mutagenesis (ODM). In ODM, 
an oligonucleotide homologous to the target DNA sequence 
but having desired mismatch(es) is introduced into the plant 
cells. During cell division, the mismatch(es) between the 
oligonucleotide and target DNA sequence are recognised 
by the native repair system of the plant which repair cell’s 
own DNA using the oligonucleotide as a template through 
homology-directed pairing thus resulting in incorporation 
of site-specific point mutations/SNPs, typically 1–3 nucleo-
tides, directly into a gene of interest (Sauer et al. 2016). The 
plant cell having desired mutation can then be selected and 
regenerated into a full plant through tissue-culture methods.

Apart from ODM, three different variants of SSN are 
being utilised to carry out genome editing. These SSNs are 
Zinc-Finger Nucleases (ZFNs), Transcription Activator-Like 
Effector Nucleases (TALENs), and Clustered Regularly 
Interspaced Short Palindromic Repeat-associated endonu-
cleases (CRISPR/Cas). SSNs function via binding to a pre-
defined specific target DNA sequence in the genome and 
induce double-stranded breaks (DSBs) at a desired genomic 
location (Fig. 3). The DSBs are usually repaired either by 
error-prone endogenous repair mechanism (Non-homolo-
gous end joining/NHEJ) or by utilising an externally added 

homologous DNA repair template (Homology-directed 
repair/HDR). This can be utilised to create mutation at the 
target site, such as gene knockout (insertion/deletion lead-
ing to frame shift mutations) via NHEJ or precise targeted 
sequence replacement/substitution (point mutations or tar-
geted gene replacement or site-specific gene insertion) via 
HDR (Kim and Kim 2014). These multiple outcomes of 
DSB repair can be categorised into three types (Fig. 4).

The three classes of SSNs differ in their structure, enzy-
matic mechanism, mode of action, specificity and efficiency 
of editing (Fig. 3; Table 1). Amongst the three designer 
nuclease systems, ZFNs and TALENs were the first-gen-
eration targeted genome editing tools (Joung and Sander 
2013). Both, ZFN and TALEN are generated by fusing two 
independent protein domains, i.e. a series of DNA-binding 
domains [either zinc-finger domains (for ZFN) or TALE 
domains (for TALEN)] fused with a synthetic FokI endonu-
clease domain. The FokI is non-specific/sequence independ-
ent endonuclease and functions only as a dimer, thus at least 
a pair of ZFN or TALEN is required to target any specific 
locus which, in turn, introduce DSB at a specific target site 
of the DNA. The DSB induced by a pair of ZFN or TALEN 
activates endogenous DNA repair pathways, such as HDR or 
the error-prone NHEJ and hence enable custom alterations at 
the cleavage site (Miller et al. 2011). One zinc finger domain 
can recognise a nucleotide triplet (Kim et al. 1996) and ZFN, 
which is mostly composed of 3–4 zinc finger domains, hence 
bind sequence of 3–4 nucleotide triplets. The ZFN pair can 
target 18–24 base pair (bp) and this nucleotide length is 
enough to target-specific sites in genomes. Theoretically, 
the target site can be of any length, however the context-
dependent assembly of ZFN modules limits the target site 
size (Sander et al. 2011). Unlike zinc fingers (ZF), each TAL 
effector (TALE) domain binds a single nucleotide specifi-
cally (Christian et al. 2010). TALE is originally derived from 
the Xanthomonas species and composed of 33–35 amino 
acid repeat. In a TALEN pair, engineered TALE domains 
are designed to recognise 30–60 nucleotides (15–30 nucleo-
tides per half site). Due to longer target length TALENs are 
generally considered to bind with greater specificity than 
ZFNs (Guilinger et al. 2014a, b). The target half-sites (‘left’ 
and ‘right’) recognised by ZF or TALE dimers are usually 
separated by 5–7 and 12–21 bp spacer, respectively, which is 
recognised and cleaved by FokI endonuclease (Miller et al. 
2007; 2011). The target sites in the genome can be chosen 
by customising ZFNs (or TALENs) design via selecting 
appropriate combinations of different zinc fingers (or TAL 
effector) domains, respectively. ZFN- or TALEN-mediated 
gene editing techniques have some disadvantages, such as 
cumbersome protein engineering steps, high costs and are 
difficult to multiplex.

CRISPR/Cas is the most recently developed SSN-based 
genome editing technique. CRISPR is evolved from bacterial 
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adaptive immune system that includes clustered palindromic 
repeats with the Cas endonuclease which protect the bacte-
ria from invading plasmid and viral infection (Jinek et al. 
2012). The CRISPR/Cas gene editing system consists of a 
Cas endonuclease protein (mostly Cas9 from Streptococ-
cus pyogenes or Cas12a/Cpf1 from Francisella novicida or 
their variants) and a single guide RNA (sgRNA). The non-
coding sgRNA contains 20 nucleotides at the 5′ end which 
directs Cas9 endonuclease to the complementary target site 

in the genome. The Cas9 endonuclease has two catalytic 
domains—RuvC and HNH. The HNH and RuvC nuclease 
domains cut the strand of genomic DNA complementary 
to the sgRNA (target strand) and non-complementary to 
sgRNA (non-target strand), respectively, thereby inducing 
a DSB in the 20-bp targeted genomic locus specified by 
the sgRNA (Jinek et al. 2012). To introduce a DSB, a short 
sequence called the protospacer-adjacent motif (PAM) has to 
be present. Examples of the PAM include the NGG sequence 

Fig. 3  Illustration of three classes of sequence-specific nucle-
ases (SSNs) utilised for genome editing. a Zinc Finger Nucleases 
(ZFNs): the left and right ZFNs are constituted by fusing series 
of Zinc Finger (ZF) domains with a non-specific  FokI  endonu-
lease  domain. Each ZF domain recognises specifically three nucle-
otides while the  FokI  domain cuts  DNA  strands  at different posi-
tions  thereby  introducing sticky double-strand break (DSB) within 
the spacer sequence (represented by lowercase nucleotides; usu-
ally 5–7  bp) outside the left and right recognition sites. b Tran-
scription Activator-Like Effector Nucleases (TALENs): the left 
and right TALENs comprise a series of TALE repeats with a non-
specific  FokI  endonulease  domain. Each TALE repeat recog-

nises a single nucleotide whilst the  FokI  domain introduces  sticky 
DSB  within the spacer sequence (represented by lowercase nucle-
otides; usually 12–21  bp) outside the left and right recognition 
sites. c CRISPR/Cas9: this system consists of a single guide RNA 
(sgRNA) and Cas9  endonulcease. The  sgRNA  pairs with 20 nucle-
otide  target sequences present in the genomic DNA upstream  to 
the NGG sequence (Protospacer  Adjacent Motif, PAM; N means 
any nucleotide). The Cas9 enzyme contains two catalytic nuclease 
domains: RuvC and HNH. It generates a blunt-end DSB, three nucle-
otides upstream of the PAM motif at the target site having  comple-
mentarity to sgRNA
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which should be present immediately after the gRNA tar-
get sequence on the DNA for Cas9 or the TTTN sequence 
which should be present upstream to the target sequence 
for Cas12a (Swarts and Jinek 2018). The small size makes 
sgRNA design and construction easy and amenable to mul-
tiplexing (Ma et al. 2015).

Owing to notable technological simplicity, such as ease of 
execution, flexibility, efficiency, precision, cost-effectiveness 
and easy multiplexing compared to the first-generation edit-
ing tools, CRISPR technique has been widely used and has 
virtually revolutionised the field of genome editing (Doudna 
and Charpentier 2014). Hence, it is often termed as “the 
biggest biotechnology discovery of the century”. However, 
the major concern related to CRSIPR/Cas technology is the 
possibility of ‘off-target effects’—non-specific cleavage 
of untargeted regions in the genome, leading to undesired 
mutations. To improve specificity and minimise off-target 
effects, mutated variants of Cas9 endonuclease having 
higher editing specificity have been developed, such as the 
hyper-accurate Cas9 variant (HypaCas9) having high fidel-
ity/proofreading (Chen et al. 2017), nCas9 (nickase which 
creates a nick, i.e. cut only single strand of DNA instead 
of creating a DSB), and dCas9 (catalytically inactive or 
nuclease deficient or ‘dead’ Cas9). nCas9 is generated by 
inactivating one of the catalytic nuclease domains, either 
RuvC or HNH. nCas9 could be utilised as paired nickase 

and DNA modification may still take place via either the 
NHEJ or HDR mechanism. It has been shown that pairing of 
nCas9 with two different sgRNAs, each cleaving one strand 
of DNA, increases the number of specifically recognised 
nucleotides required for target cleavage, thereby reducing 
the off-target mutation drastically (~ 50- to 1500-fold) and 
improving specificity without compromising the cleavage 
efficiency (Ran et al. 2013; Mikami et al. 2016). The sin-
gle nCas9 has been used for highly efficient and precise C 
to T and A to G base editing in crop plants by fusing it 
with cytidine deaminase (known as cytosine base editors/
CBEs), and with adenosine deaminase (known as adenine 
base editors/ABEs), respectively, via base excision repair 
pathway without the generation of DSB (Zong et al. 2017; 
Li et al. 2018). dCas9 has been developed by mutating both 
the RuvC and HNH catalytic domains and hence making 
them non-functional. dCas9 has been used initially for tar-
geted and precise transcription regulation, such as targeted 
gene activation and repression, by fusing it with transcrip-
tion activator and repressor domains, respectively (known 
as CRISPR activator /CRISPRa and CRISPR interference/
CRISPRi, respectively) and thereby recruiting them to the 
promoter (Li et al. 2017; Lowder et al. 2017). In recent 
years, the CRISPR/dCas9 system has also been utilised for 
precise epigenome editing, modulation of chromatin topol-
ogy and DNA-free genetic modification via recruitment of 

Fig. 4  Potential outcomes of genome editing involving double-
stranded breaks (DSBs): the DSBs generated by genome editing tools 
can be repaired by either error-prone Non Homologous End Join-
ing (NHEJ) or error-free Homology Directed Repair (HDR) mecha-
nisms. Three possible outcomes of editing involving DSBs are: Type 
I—spontaneous repair of DSB via NHEJ leading to small insertion, 
deletion and substitution which would result into gene knockout or 

change in activity; Type II—single-stranded (Type IIa) or double-
stranded (Type IIb) template-guided repair of a targeted DSB via 
HDR leading to point mutations (precise alteration of the target 
sequence); Type III—double-stranded template (containing an entire 
gene or an genetic element)-guided repair of a targeted DSB via HDR 
leading to targeted insertion of a cis- or trans-gene or a genetic ele-
ment
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various chromatin-modifying enzymes (acetyltransferase, 
DNA methyltransferase) and reporter proteins to DNA target 
sites (Guo et al. 2015; Hilton et al 2015; Liang et al. 2017; 
Veillet et al. 2019; Moradpour and Abdulah 2019). Further, 
a highly specific and precise genome editing strategy, the 
dimeric nucleases strategy, comprising dCas9–FokI fusion 
has also been employed as another elegant way to overcome 
off-targets. The dimeric nuclease strategy has been shown 
to reduce potential off-target mutations by thousands fold 
(Guilinger et al. 2014a, b; Tsai et al. 2014).

Recently, a highly accurate ‘search-and-replace’ genome 
editing system known as ‘Prime editing’ has been developed 
which enables a variety of highly precise and targeted DNA 
edits (insertions and deletions, all possible transition and 
transversion point mutations and combinations thereof) at 
a wide range of positions without DSB or donor DNA tem-
plate (Anzalone et al. 2019). The prime editing (PE) complex 
consists of a PE protein containing an RNA-guided DNA-
nicking domain, nCas9, fused to an engineered reverse tran-
scriptase (RT) domain and complexed with an engineered 
prime editing guide RNA (pegRNA). The pegRNA has a 
binding region which binds to nicked DNA thereby speci-
fying the target site, and an edited sequence region which 
serves as a template for the desired edit. The RT enzyme 
can generate new DNA by copying an RNA template, i.e. 
edited sequence region of pegRNA (Anzalone et al. 2019). 
This new versatile editing system has been demonstrated in 
mammalian cells and to the best of our knowledge, so far 
there is no report pertaining to use of prime editing in plants. 
However, considering its advantage, it is expected that the 
‘Prime editing’ system would soon be utilised for genome 
editing in plants as well.

The genome editing methods can be utilised in agricul-
ture for creating new mutations, correcting deleterious DNA 
mutations, regulating expression of desired gene, replacing 
faulty gene with the correct copy, swapping of regulatory 
element, editing regulatory elements, epigenome editing, 
and site-specific insertion of cis- or trans-genes in the plant 
genome. The targeted modification introduced in the genome 
using genome editing technology is often indistinguish-
able from those introduced via traditional plant breeding 
or chemical or random mutagenesis (except the Type III 
approach in Fig. 4). These genome editing methods are much 
faster than traditional breeding tools and can produce desired 
modifications either without incorporating any foreign DNA 
into the genome, or in a few cases; integrated foreign gene 
expressing the nuclease can be segregated through conven-
tional breeding in the next generation(s) thus producing 
null segregant line. This approach can generate genetically 
edited (GEd) plants with only the desired modification, and 
therefore, crop varieties generated through this technology 
may be similar to non-transgenic crops (Belhaj et al. 2013). 
However, a pre-requisite for developing non-transgenic GEd 

crops with new or improved traits is the presence of the 
target gene or genetic elements within the same crop spe-
cies, i.e. endogenously, and understanding about the function 
of the endogenous gene intended to be edited. If the gene 
associated with the desired trait is not present endogenously 
in the same genome, then one has to utilise the transgenic 
approach for introducing the desired trait (for instance, cry 
gene from bacterium used for imparting IR trait in crop). 
Further, all the improved crops developed via genome edit-
ing tools may not be non-transgenic such as the HDR-medi-
ated targeted insertion of a transgene or/and foreign genetic 
elements at a desired genomic locus by harnessing genome 
editing methods will be similar to transgenesis (GEd plants 
derived from Type III approach in Fig. 4). Therefore, such 
type of genome edited crops might be subjected to the same 
stringent regulatory process that governs traditional trans-
genic GM crops.

Site-specific nucleases and ODM have been used success-
fully to develop crop plants with improved traits (Supple-
mentary Table 3). For example, using the TALEN technol-
ogy, a gene functioning in aroma (OsBADH2) was knocked 
out and a fragrant rice variety was developed (Li et al. 2012). 
Another impressive example of multi-gene editing using 
TALEN and CRISPR/Cas9 is that in wheat. Three homolo-
gous alleles of the mildew resistance locus (MLO) genes 
have been edited to create wheat cultivar resistant to pow-
dery mildew (Wang et al. 2014). Besides, gene editing has 
shown promising results in proof-of-concept studies in other 
plants, such as Arabidopsis (Sauer et al. 2016; Schiml et al. 
2014; Christian et al. 2013; Mahfouz et al. 2012; Osakabe 
et al. 2010), potato (Clasen et al. 2016), Brassica (Lawren-
son et al. 2015), soybean (Du et al. 2016; Haun et al 2014), 
maize (as reviewed by Agarwal et al. 2018) and rice (Ma 
et al. 2017, 2015; Oliva et al. 2019; Osakabe et al. 2016; 
Shan et al. 2015). Various examples of successful use of 
gene-editing tools to generate improved crop plants have 
been enlisted in Supplementary Table 3.

Creation of genetic variation followed by targeted selec-
tion is the ultimate goal of any crop breeding programme. 
Genome editing techniques help in the rapid creation of loci-
specific allelic diversity for crop breeding. Shen et al. (2017) 
successfully attempted the simultaneous editing of eight 
yield or quality-related genes in rice resulting in the genera-
tion of homozygous octuple mutants within a single gen-
eration. However, further studies of editing the same quan-
titative trait loci (QTLs) in different genetic backgrounds 
indicated the prevalence of strong background effect on 
target traits (Shen et al. 2018). Recently, Zhou et al. (2018) 
have successfully executed multiplex QTL editing in rice 
to produce triple mutants exhibiting improved yield-related 
traits like panicle length, flower number per panicle, grain 
length, grain width and grain weight. In addition to rice, 
three homeologous of the CsFAD2 (Fatty Acid Desaturase 
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2) gene involved in fatty acid metabolism have been suc-
cessfully altered in hexaploid oilseed crop, Camelina sativa 
to produce monounsaturated fatty acids enriched plants 
(Morineau et al. 2017). In soybean, the CRISPR/Cas9 sys-
tem has been exploited to produce the late flowering pheno-
type and vigorous soybean plants via targeted mutation in 
GmFT2a (an integrator in the photoperiod flowering path-
way) gene (Cai et al. 2017). Thus, these examples indicate 
that the CRISPR/Cas9 can help in harnessing the identi-
fied QTLs by precise editing of multiple QTLs to result into 
favourable allelic combinations for a particular trait or even 
combination of traits.

Beside generation of genome edited (GEd) crops, gene 
editing can also strengthen hybrid breeding which can con-
tribute to boosting the crop productivity. Hybrid breeding 
relies upon the generation of pure inbred lines with desirable 
traits to achieve higher genetic gains. Doubled Haploid (DH) 
technology is one of the best approaches for the rapid devel-
opment of new inbred lines. A reliable Haploid identification 
(HID) method or marker is the most important component 
of DH breeding programme (Geiger 2009). Considering the 
inefficiency of R1-nj marker [anthocyanin colour marker 
which has been used during in vivo haploid generation for 
rapid and easy identification of haploid kernels (purple 
pericarp) at seed stage] to express in certain germplasms, 
there is a need to look for an alternative HID marker (Chai-
kam et al. 2012). Recently, a gene called MATRILINEAL 
(MTL)/ZmPLA1 has been cloned from maize maternal hap-
loid inducer lines (Kelliher et al. 2017; Liu et al. 2017). Via 
targeting this gene, Dong et al. (2018) developed haploid 
inducer lines using the CRISPR/Cas9 system which were 
crossed with the haploid identification (HID) line (carrying 
double-fluorescence protein markers). The resulting hap-
loid seeds exhibited enhanced green fluorescence and red 
fluorescence (DsRED), driven by an embryo-specific pro-
moter (Liu et al. 2017) and an endosperm-specific promoter, 
respectively and hence can serve as effective markers for 
haploid identification (Kalla et al. 1994; Dong et al. 2018). 
Furthermore, MTL (PLA1) gene is conserved across cereal 
crops and hence is applicable to a wide range of crops. In 
addition, CRISPR/Cas9 directed targeting of the first exon 
of the phospholipase gene in haploid inducer lines has been 
found to enhance haploid induction rate by 2% (Liu et al. 
2017). Similarly, TALEN-mediated deletions nearby the 
site of the 4-bp insertion in Stock 6-derived lines have been 
shown to enhance haploid induction up to 12% (Kelliher 
et al. 2017). Recently, a new approach known as Haploid-
Inducer Mediated Genome Editing (IMGE) has been devised 
for developing genome-edited haploids using CAU5 HI line 
carrying the CRISPR/Cas9 cassette for Zea mays liguleless 
1 (ZmLG1) or unbranched 2 (UB2) as pollinator and B73 as 
female (Wang et al. 2019). These studies demonstrate that 
the use of genome editing techniques in combination with 

conventional breeding program such as DH can accelerate 
the breeding process.

The first commercialised genome edited (GEd) crop is 
Sulfonylurea herbicide-tolerant canola variety (SU Can-
ola™), which was developed through ODM-based point 
mutation in the acetohydroxyacid synthase (AHAS) also 
known as acetolactate synthase (ALS) encoding gene (Gocal 
2015; Gocal et al. 2015). The AHAS enzyme is involved 
in the biosynthesis of branched chain amino acids—valine, 
leucine and isoleucine. AHAS is the target of sulfonylurea 
herbicide which inhibits it. Specific point mutations leading 
to amino acid substitution, viz., S653N (AGT to AAT) and 
W574L (TGG to TTG) in the AHAS gene provide tolerance 
to sulfonylurea (Gocal et al. 2015; Sauer et al. 2016). The 
USDA considered this as non-genetically modified (non-
GM) hence classified it as ‘non-regulated’ and it was com-
mercially launched in the USA in 2015 (Wolt el al. 2016). 
The SU Canola™ also received Plant Novel Trait (PNT) 
approval from the Canadian government in 2014 and was 
permitted for commercial sale in Canada in 2017 (Jones 
2015; Songstad et al. 2017; https ://www.cibus .com/press /
press 03181 4.php). The SU canola offers unique opportunity 
to growers to integrate it into crop rotations with glyphosate-
tolerant maize or soybean. Apart from SU canola, recently, a 
few more GEd crops have been de-regulated (exempted from 
GM organism regulation) in the USA as the final products 
are null segregant (non-transgenic) and are not likely to pose 
a plant pest risk (Table 2).

Besides the above examples, bacterial blight-resistant 
rice having few bases deletion in the promoter regions of 
two sugar transporter genes, OsSWEET14 and OsSWEET11 
(developed by Iowa State University), and nutritionally 
improved alfalfa and wheat (developed by Calyxt) devel-
oped via the TALEN approach has also been de-regulated 
in USA (USDA APHIS 2020). Similarly, Camelina sativa 
with increased omega-3 oil (developed by Yield10 Bio-
science via NHEJ-mediated knockout of three loci/copies 
of single gene) (Waltz 2018) and j2 (JOINTLESS2) loss-
of-function mutant tomato (developed by University of 
Florida) developed by employing CRISPR/Cas system has 
also been de-regulated in the USA (USDA APHIS 2020). 
These examples suggest that gene/genome editing technolo-
gies have immense potential for crop improvement targets 
which were hitherto considered as difficult. However, the 
regulatory uncertainty in many countries for improved crop 
plants developed via genome editing techniques may be a 
bottleneck in its widespread adoption. This underscores the 
need for support of governments around the world for setting 
up an appropriate and updated regulatory framework. In the 
USA, and Argentina, which follow the product-based regu-
lation procedure, GEd crops are generally not considered 
as GM subject to the condition that the final product/plant 
should be transgene-free and hence such  GEd crops are 

https://www.cibus.com/press/press031814.php
https://www.cibus.com/press/press031814.php


 Planta          (2020) 251:91 

1 3

   91  Page 18 of 27

Ta
bl

e 
2 

 D
et

ai
ls

 o
f v

ar
io

us
 g

en
om

e 
ed

ite
d 

(G
Ed

) c
ro

p 
pr

od
uc

ts
 w

hi
ch

 a
re

 d
e-

re
gu

la
te

d 
an

d 
ar

e 
ne

ar
 c

om
m

er
ci

al
iz

at
io

n 
in

 th
e 

U
SA

Te
ch

ni
qu

e 
us

ed
G

Ed
 c

ro
p

Ta
rg

et
 g

en
e 

an
d 

m
od

ifi
ca

tio
n

Fu
nc

tio
n 

of
 th

e 
ta

rg
et

ed
 

ge
ne

Tr
ai

t d
ev

el
op

ed
D

ev
el

op
er

Re
fe

re
nc

es

ZF
N

M
ai

ze
IP

K
1:

 k
no

ck
ou

t v
ia

 N
H

EJ
En

co
de

 in
os

ito
l 

1,
3,

4,
5,

6-
pe

nt
ak

is
ph

os
-

ph
at

e 
2-

ki
na

se
 e

nz
ym

e 
w

hi
ch

 c
at

al
ys

es
 th

e 
fin

al
 

ste
p 

in
 p

hy
tic

 a
ci

d 
bi

os
yn

-
th

es
is

Lo
w

 p
hy

ta
te

D
ow

 A
gr

oS
ci

en
ce

Sh
uk

la
 e

t a
l. 

(2
00

9)

TA
LE

N
So

yb
ea

n
FA

D
3A

 a
nd

 F
AD

3B
: k

no
ck

-
ou

t v
ia

 N
H

EJ
En

co
de

 fa
tty

 a
ci

d 
de

sa
tu

-
ra

se
 3

 e
nz

ym
e 

w
hi

ch
 is

 
in

vo
lv

ed
 in

 o
le

ic
 a

ci
d 

(m
on

ou
ns

at
ur

at
ed

) t
o 

lin
ol

ei
c 

ac
id

 (p
ol

yu
ns

at
u-

ra
te

d)
 c

on
ve

rs
io

n

H
ig

h 
ol

ei
c 

ac
id

 (i
nc

re
as

ed
 

sh
el

f l
ife

 a
nd

 o
il 

st
ab

ili
ty

)
C

el
le

ct
is

 P
la

nt
 S

ci
en

ce
s

H
au

n 
et

 a
l. 

(2
01

4)
; W

al
tz

 
(2

01
8)

FA
D

2-
1A

 a
nd

 F
AD

2-
1B

: 
kn

oc
ko

ut
 v

ia
 N

H
EJ

En
co

de
 fa

tty
 a

ci
d 

de
sa

tu
-

ra
se

 2
 e

nz
ym

e 
(e

xp
re

ss
ed

 
sp

ec
ifi

ca
lly

 in
 se

ed
) w

hi
ch

 
is

 in
vo

lv
ed

 in
 o

le
ic

 a
ci

d 
to

 
lin

ol
ei

c 
an

d 
lin

ol
en

ic
 a

ci
ds

 
co

nv
er

si
on

H
ig

h 
ol

ei
c 

ac
id

 (i
nc

re
as

ed
 

sh
el

f l
ife

 a
nd

 tr
an

s-
fa

t 
fr

ee
)

C
el

le
ct

is
 P

la
nt

 S
ci

en
ce

s
W

al
tz

 (2
01

9)

W
he

at
M

LO
 (m

ild
ew

 lo
cu

s O
): 

kn
oc

ko
ut

 v
ia

 N
H

EJ
M

LO
 p

ro
te

in
 is

 in
vo

lv
ed

 
in

 n
eg

at
iv

e 
re

gu
la

tio
n 

of
 

ve
si

cl
e-

as
so

ci
at

ed
 a

nd
 

ac
tin

-d
ep

en
de

nt
 d

ef
en

se
 

pa
th

w
ay

s a
t t

he
 si

te
 o

f 
fu

ng
us

 p
en

et
ra

tio
n

B
ro

ad
 sp

ec
tru

m
 re

si
st

an
ce

 
to

 p
ow

de
ry

 m
ild

ew
C

al
yx

t
W

an
g 

et
 a

l. 
(2

01
4)

Po
ta

to
PP

O
 g

en
e 

en
co

di
ng

 p
ol

y-
ph

en
ol

 o
xi

da
se

 e
nz

ym
e:

 
kn

oc
ko

ut
 v

ia
 N

H
EJ

 le
ad

s 
to

 re
du

ct
io

n 
in

 e
nz

ym
e 

ac
tiv

ity

PP
O

 c
au

se
s t

he
 ra

pi
d 

po
ly

m
-

er
iz

at
io

n 
of

 o
-q

ui
no

ne
s 

to
 p

ro
du

ce
 b

la
ck

, b
ro

w
n,

 
or

 re
d 

pi
gm

en
ts

 (p
ol

y-
ph

en
ol

s)
 th

at
 c

au
se

 fr
ui

t 
br

ow
ni

ng

N
on

-b
ro

w
ni

ng
 (i

nc
re

as
ed

 
sh

el
f l

ife
)

Si
m

pl
ot

 P
la

nt
 S

ci
en

ce
s a

nd
 

C
al

yx
t

U
SD

A
  A

PH
IS

a



Planta          (2020) 251:91  

1 3

Page 19 of 27    91 

a  ht
tp

s :
//w

w
w.

ap
hi

s .u
sd

a.
go

v/
ap

hi
s /

ou
rfo

 cu
s/

bi
ot

e c
hn

ol
 og

y/
am

-i-
re

gu
l a

te
d

Ta
bl

e 
2 

 (c
on

tin
ue

d)

Te
ch

ni
qu

e 
us

ed
G

Ed
 c

ro
p

Ta
rg

et
 g

en
e 

an
d 

m
od

ifi
ca

tio
n

Fu
nc

tio
n 

of
 th

e 
ta

rg
et

ed
 

ge
ne

Tr
ai

t d
ev

el
op

ed
D

ev
el

op
er

Re
fe

re
nc

es

C
R

IS
PR

–C
as

9
W

ax
y 

co
rn

W
x1

: k
no

ck
ou

t
W

ax
y 

ge
ne

, w
x1

, e
nc

od
es

 
th

e 
en

do
sp

er
m

’s
 g

ra
nu

le
-

bo
un

d 
st

ar
ch

 sy
nt

ha
se

 
re

sp
on

si
bl

e 
fo

r m
ak

in
g 

am
yl

os
e

H
ig

h 
am

yl
op

ec
tin

 st
ar

ch
 

co
nt

en
t

D
up

on
t P

io
ne

er
W

al
tz

 (2
01

6)

So
yb

ea
n

D
rb

2a
 a

nd
 D

rb
2b

 g
en

es
: 

de
ac

tiv
at

io
n 

of
 th

e 
ta

rg
et

 
ge

ne
s d

ue
 to

 fr
am

e 
sh

ift
 

m
ut

at
io

ns

D
ou

bl
e-

str
an

de
d 

R
N

A
-

bi
nd

in
g2

 (G
m

D
rb

2a
 a

nd
 

G
m

D
rb

2b
) g

en
es

 p
la

y 
fu

nc
tio

na
lly

 d
iv

er
se

 ro
le

s 
in

 m
ul

tip
le

 sm
al

l
R

N
A

-d
ire

ct
ed

 R
N

A
 si

le
nc

-
in

g 
pa

th
w

ay
s i

n 
re

sp
on

se
 

to
 st

re
ss

 c
on

di
tio

ns

D
ro

ug
ht

 a
nd

 sa
lt 

to
le

ra
nt

U
SD

A
 A

R
S,

 P
la

nt
 S

ci
en

ce
 

Re
se

ar
ch

 U
ni

t
C

ur
tin

 e
t a

l. 
(2

01
8)

; W
al

tz
 

(2
01

8)

Se
ta

ri
a 

vi
ri

di
s

ID
1(

in
de

te
rm

in
at

e1
): 

de
ac

ti-
va

tio
n 

vi
a 

N
H

EJ
K

ey
 re

gu
la

to
r o

f t
he

 tr
an

si
-

tio
n 

to
 fl

ow
er

in
g

D
el

ay
ed

 fl
ow

er
in

g
D

on
al

d 
D

an
fo

rth
 P

la
nt

 S
ci

-
en

ce
 C

en
tre

W
al

tz
 (2

01
8)

N
or

th
er

n 
Le

af
 B

lig
ht

 
(N

LB
) r

es
ist

an
t 

co
rn

N
LB

18
: s

en
si

tiv
e 

al
le

le
 

re
pl

ac
ed

 w
ith

 re
si

st
an

t 
al

le
le

 v
ia

 H
D

R

A
 w

al
l-a

ss
oc

ia
te

d 
ki

na
se

 
(W

A
K

) g
en

e 
in

vo
lv

ed
 in

 
pa

th
og

en
 re

co
gn

iti
on

 a
nd

 
ce

llu
la

r s
ig

na
lli

ng

Im
pr

ov
ed

 R
es

ist
an

ce
 to

 
N

or
th

er
n 

Le
af

 B
lig

ht
D

up
on

t P
io

ne
er

U
SD

A
  A

PH
IS

a

https://www.aphis.usda.gov/aphis/ourfocus/biotechnology/am-i-regulated


 Planta          (2020) 251:91 

1 3

   91  Page 20 of 27

exempted from the regulatory process. This would ensure 
easy approval and faster commercialization in a case-by-case 
manner (Whelan and Lema 2015). Thus, non-regulation of 
non-transgenic GEd crops can potentially save many years 
and tens of millions of dollars off the cost of commercializa-
tion compared to the traditional transgenic crops. However, 
in the European Union (EU) which favours process-based 
regulation, as per a recent judgement of Court of Justice 
of the European Union (ECJ), these crops would be sub-
ject to the same stringent regulations that governs the GM 
crops (Callaway 2018). Hence, GEd crops would need to go 
through the approval process in the EU before they can be 
approved for commercialization.

The development of GEd crops using powerful and inno-
vative genome editing techniques could be foreseen to fur-
ther increase crop yields, advance development of climate 
resilient crops by combating biotic and abiotic stresses, and 
address consumer’s concerns and nutritional needs. How-
ever, it is worth mentioning here that the Intellectual Prop-
erty landscape related to genome editing technologies such 
as CRISPR/Cas should be considered when commercializa-
tion of the GEd crops developed using such technologies is 
contemplated. So far, the U.S. Patent and Trademark Office 
has granted hundreds of patents pertaining to the use of 
CRISPR in some form and many more are in the pipeline 
(http:// patft.uspto.gov; Sherkow 2018). Developing GEd 
crop plants without infringement of patent rights is a major 
concern which needs to be addressed to facilitate the com-
mercialization of such crops.

Conclusion

Considering the ever-increasing human population, shrink-
ing arable land area and the rapid pace of climate change, 
there is a need to develop high-yielding crop varieties 
which are nutritionally enriched and tolerant to various 
environmental and biotic stresses. Transgenic technology 
has contributed towards development of crop varieties with 
enhanced yield, resistance to biotic and abiotic stresses, and 
enhanced food quality. Further, estimates also suggest that 
adoption of the transgenic technology has helped in reduc-
ing the use of pesticides and insecticides, decreasing envi-
ronmental footprint and increasing farmer income. While 
these crops are granted regulatory approval only after strict 
food/feed safety assessment, such as allergenicity, toxic-
ity and compositional analysis, etc., concerns have been 
raised regarding its safety to the environment and human 
health owing to potential risks related to gene flow, genetic 
drift, adverse effects on non-target organisms, evolution of 
resistant weeds and insects, and toxicity and allergenicity. 
Such potential environmental and human health implica-
tions of transgenic crops have contributed to their lesser 

consumer acceptance in many countries. To address some 
of the major concerns associated with transgenic crops, new 
alternative techniques, such as cisgenesis, intragenesis and 
most recently, genome editing, are being used to develop 
improved crop plants. So far, intragenic potato exhibiting 
resistance to bruising and discoloration, and Sulfonylurea-
tolerant canola developed using Oligonucleotide Directed 
Mutagenesis (genome editing) techniques have been granted 
commercial approval whilst many other crops are expected 
to be commercialised. Since a subset of the crops devel-
oped using genome editing techniques would be quite simi-
lar to the conventionally bred plants, it is hoped that such 
genome-edited crops might be granted faster regulatory 
approval which should lead to their widespread adoption 
in cultivation.

Author contribution statement KK and PY conceived the 
idea of review. KK, GG, AD, AS wrote the primary draft, 
which was further augmented, edited and improved by AKT, 
KK and SR. AKT, PY, AKJ and SR provided specific com-
ments for improving the draft. MC contributed in prepara-
tion schematic diagram. All the authors read and approved 
it for publication.

Acknowledgements The maize transformation and genome edit-
ing work in the laboratory of the corresponding author is funded by 
National Agricultural Science Fund (NASF; competitive Grant no. 
NASF/GTR-5004/2015-16/204). The funds from the Indian Council 
of Agricultural Research (ICAR) are gratefully acknowledged. GG, 
AD and AKJ acknowledge NASF support in the form of SRF, RA and 
LA fellowships, respectively.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

Acharjee S, Sarmah BK, Kumar PA, Olsen K, Mahon R, Moar WJ, 
Moore A, Higgins TJV (2010) Transgenic chickpeas (Cicer ari-
etinum L.) expressing a sequence-modified cry2Aa gene. Plant 
Sci 178:333–339. https ://doi.org/10.1016/j.plant sci.2010.02.001

Adang MJ, Brody MS, Cardineau G, Eagan N, Roush RT, Shewmaker 
CK, Jones A, Oakes JE, McBride KE (1993) The reconstruction 
and expression of a Bacillus thuringiensis cryIIIA gene in pro-
toplasts and potato plants. Plant Mol Biol 21:1131–1145. https 
://doi.org/10.1007/bf000 23609 

Agarwal A, Yadava P, Kumar K, Singh I, Kaul T, Pattanayak A, 
Agrawal PA (2018) Insights into maize genome editing via 
CRISPR/Cas9. Physiol Mol Biol Plants 24:175–183. https ://doi.
org/10.1007/s1229 8-017-0502-3

Al-Babili S, Beyer P (2005) Golden Rice—Five years on the road—
five years to go? Trends Plant Sci 10:565–573. https ://doi.
org/10.1016/j.tplan ts.2005.10.006

https://doi.org/10.1016/j.plantsci.2010.02.001
https://doi.org/10.1007/bf00023609
https://doi.org/10.1007/bf00023609
https://doi.org/10.1007/s12298-017-0502-3
https://doi.org/10.1007/s12298-017-0502-3
https://doi.org/10.1016/j.tplants.2005.10.006
https://doi.org/10.1016/j.tplants.2005.10.006


Planta          (2020) 251:91  

1 3

Page 21 of 27    91 

Anzalone AV, Randolph PB, Davis JR, Sousa AA, Koblan LW, Levy 
JM, Chen PJ, Wilson C, Newby GA, Raguram A, Liu DR (2019) 
Search and replace genome editing without double strand breaks 
or donor DNA. Nature 576:149–157. https ://doi.org/10.1038/
s4158 6-019-1711-4

Ariel FD, Manavella PA, Dezar CA, Chan RL (2007) The true story 
of the HD-Zip family. Trends Plant Sci 12:419–426. https ://doi.
org/10.1016/j.tplan ts.2007.08.003

Azevedo RA, Lea PJ (2001) Lysine metabolism in higher plants. Amino 
Acids 20:261–279. https ://doi.org/10.1007/s0072 60170 043

Bagla P (2010) Hardy cotton-munching pests are latest blow to 
GM crops. Sci 327:1439. https ://doi.org/10.1126/scien 
ce.327.5972.1439

Barry GF, Kishore GM, Padgette SR, Stallings WC (1997) Glyphosate-
tolerant 5-enolpyruvylshikimate-3-phosphate synthases. US Pat-
ent 5633435. https ://paten ts.googl e.com/paten t/US563 3435A /en

Bawa AS, Anilakumar KR (2013) Genetically modified foods: safety, 
risks and public concerns—a review. J Food Sci Technol 
50:1035–1046. https ://doi.org/10.1007/s1319 7-012-0899-1

Belhaj K, Chaparro-Garcia A, Kamoun S, Nekrasov V (2013) Plant 
genome editing made easy: targeted mutagenesis in model and 
crop plants using the CRISPR/Cas system. Plant Methods 9:39. 
https ://doi.org/10.1186/1746-4811-9-39

Bevan MW, Flavell RB, Chilton MD (1983) A chimaeric antibiotic 
resistance gene as a selectable marker for plant cell transforma-
tion. Nature 304:184–187. https ://doi.org/10.1038/30418 4a0

Bicar EH, Woodman CW, Sangtong V, Peterson JM, Yang SS, Lee 
M, Scott MP (2008) Transgenic maize endosperm containing a 
milk protein has improved amino acid balance. Transgenic Res 
17:59–71. https ://doi.org/10.1007/s1124 8-007-9081-3

Broadway RM, Duffey SS (1986) Plant proteinase inhibitors: Mecha-
nism of action and effect on the growth and digestive physiology 
of larval Heliothis zea and Spodoptera exiqua. J Insect Physiol 
32:827–833. https ://doi.org/10.1016/0022-1910(86)90097 -1

Brookes G, Barfoot P (2017) Environmental impacts of genetically 
modified (GM) crop use 1996–2015: Impacts on pesticide use 
and carbon emissions. GM Crops Food 8:117–147. https ://doi.
org/10.1080/21645 698.2017.13094 90

Brookes G, Barfoot P (2018) Farm income and production impacts of 
using GM crop technology 1996–2016. GM Crops Food 9:59–
89. https ://doi.org/10.1080/21645 698.2018.14648 66

Brower LP, Taylor OR, Williams EH, Slayback DA, Zubieta RR, Ram-
irez MI (2012) Decline of monarch butterflies overwintering in 
Mexico: is the migratory phenomenon at risk? Insect Conserv 
Diver 5:95–100. https ://doi.org/10.1111/j.1752-4598.2011.00142 
.x

Bucchini L, Goldman L (2002) Starlink Corn: A Risk analysis. Environ 
Health Perspect 110:5–13. https ://doi.org/10.1289/ehp.02110 5

Business Wire (2016) Global Genetically Modified Seeds Market to 
Witness Growth Through 2020 Due to Rise in Adoption of Bio-
fuels: Reports Technavio. https ://www.busin esswi re.com/news/
home/20160 83000 5089/en/Globa l-Genet icall y-Modifi ed-Seeds 
-Marke t-Witne ss-Growt h

Cai Y, Chen L, Liu X, Guo C, Sun S, Wu C, Jiang B, Han T, Hou W 
(2017) CRISPR/Cas9-mediated targeted mutagenesis of GmFT2a 
delays flowering time in soya bean. Plant Biotechnol J 16:176–
185. https ://doi.org/10.1111/pbi.12758 

Callaway E (2018) CRISPR plants now subject to tough GM laws in 
European Union. Nature 560:16. https ://doi.org/10.1038/d4158 
6-018-05814 -6

Carrière Y, Crowder DW, Tabashnik BE (2010) Evolutionary ecology 
of insect adaptation to Bt crops. Evol Appl 3:561–573. https ://
doi.org/10.1111/j.1752-4571.2010.00129 .x

Castiglioni P, Warner D, Bensen RJ, Anstrom DC, Harrison J et al 
(2008) Bacterial RNA chaperones confer abiotic stress tolerance 
in plants and improved grain yield in Maize under water-limited 

conditions. Plant Physiol 147:446–455. https ://doi.org/10.1104/
pp.108.11882 8

Chaikam V (2012) In vivo maternal haploid induction in maize. In: 
B.M. Prasanna, V Chaikam, and G Mahuku, editors, Doubled 
haploid technology in maize breeding: Theory and practice. 
CIMMYT, D F, Mexico pp 9–13. https ://hdl.handl e.net/10883 
/1351

Chan RL, Cabello JV, Giacomelli JI (2013) HaHB11 pro-
vides improved plant yield and tolerance to abiotic stress. 
WO2013116750A1. https ://paten ts.googl e.com/paten t/WO201 
31167 50A1

Chawla R, Shakya R, Rommens CM (2012) Tuber-specific silencing of 
asparagine synthetase-1 reduces the acrylamide-forming poten-
tial of potatoes grown in the field without affecting tuber shape 
and yield. Plant Biotechnol J 10:913–924. https ://doi.org/10.11
11/j.1467-7652.2012.00720 .x

Chen JS, Dagdas YS, Kleinstiver BP, Welch MM, Sousa AA, Har-
rington LB, Sternberg SH, Joung JK, Yildiz A, Doudna JA 
(2017) Enhanced proofreading governs CRISPR–Cas9 target-
ing accuracy. Nature 550:407–410. https ://doi.org/10.1038/natur 
e2426 8

Chen LJ, Lee DS, Song ZP, Suh HS, Lu B (2004) Gene flow from cul-
tivated rice (Oryza sativa) to its weedy and wild relatives. Ann 
Bot 93:67–73. https ://doi.org/10.1093/aob/mch00 6

Chen TH, Murata N (2002) Enhancement of tolerance of abiotic stress 
by metabolic engineering of betaines and other compatible sol-
utes. Curr Opin Plant Biol 5:250–257. https ://doi.org/10.1016/
s1369 -5266(02)00255 -8

Chilton MD, Drummond MH, Merlo DJ, Sciaky D, Montoya AL, 
Gordon MP et al (1977) Stable incorporation of plasmid DNA 
into higher plant cells: the molecular basis of crown gall tum-
origenesis. Cell 11:263–271. https ://doi.org/10.1016/0092-
8674(77)90043 -5

Christian M, Cermak T, Doyle EL, Schmidt C, Zhang F, Hummel A, 
Bogdanove AJ, Voytas DF (2010) Targeting DNA double-strand 
breaks with TAL effector nucleases. Genetics 186:757–761. https 
://doi.org/10.1534/genet ics.110.12071 7

Christian M, Qi Y, Zhang Y, Voytas DF (2013) Targeted mutagenesis 
of Arabidopsis thaliana using engineered TAL effector nucle-
ases. G3 3:1697–1705. https ://doi.org/10.1534/g3.113.00710 4

Chan RL, Cabello JV, Giacomelli JI (2013) Enhancement of tolerance 
of abiotic stress by metabolic engineering of betaines and other 
compatible solutes. Curr Opin Plant Biol 5(3):250–257. https ://
doi.org/10.1016/S1369 -5266(02)00255 -8

Clasen BM, Stoddard TJ, Luo S, Demorest ZL, Li J, Cedrone F, Tibebu 
R, Davison S, Ray EE, Daulhac A, Coffman A, Yabandith A, 
Retterath A, Haun W, Baltes NJ, Mathis L, Voytas DF, Zhang 
F (2016) Improving cold storage and processing traits in potato 
through targeted gene knockout. Plant Biotechnol J 14:169–176. 
https ://doi.org/10.1111/pbi.12370 

Cremer J, Treptow C, Eggeling L, Sahm H (1988) Regulation of 
enzymes of lysine biosynthesis in Corynebacterium glutami-
cum. Appl Environ Microbiol 134:3221–3229. https ://doi.
org/10.1099/00221 287-134-12-3221

Curtin SJ, Xiong Y, Michno JM et al (2018) CRISPR/Cas9 and TAL-
ENs generate heritable mutations for genes involved in small 
RNA processing of Glycine max and Medicago truncatula. Plant 
Biotechnol J 16:1125–1137. https ://doi.org/10.1111/pbi.12857 

Dang W, Wei ZM (2007) An optimized Agrobacterium-mediated trans-
formation for soybean for expression of binary insect resistance 
genes. Plant Sci 173:381–389. https ://doi.org/10.1016/j.plant 
sci.2007.06.010

Davison J (2010) GM plants: Science, politics and EC regula-
tions. Plant Sci 178:94–98. https ://doi.org/10.1016/j.plant 
sci.2009.12.005

https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1016/j.tplants.2007.08.003
https://doi.org/10.1016/j.tplants.2007.08.003
https://doi.org/10.1007/s007260170043
https://doi.org/10.1126/science.327.5972.1439
https://doi.org/10.1126/science.327.5972.1439
https://patents.google.com/patent/US5633435A/en
https://doi.org/10.1007/s13197-012-0899-1
https://doi.org/10.1186/1746-4811-9-39
https://doi.org/10.1038/304184a0
https://doi.org/10.1007/s11248-007-9081-3
https://doi.org/10.1016/0022-1910(86)90097-1
https://doi.org/10.1080/21645698.2017.1309490
https://doi.org/10.1080/21645698.2017.1309490
https://doi.org/10.1080/21645698.2018.1464866
https://doi.org/10.1111/j.1752-4598.2011.00142.x
https://doi.org/10.1111/j.1752-4598.2011.00142.x
https://doi.org/10.1289/ehp.021105
http://www.businesswire.com/news/home/20160830005089/en/Global-Genetically-Modified-Seeds-Market-Witness-Growth
http://www.businesswire.com/news/home/20160830005089/en/Global-Genetically-Modified-Seeds-Market-Witness-Growth
http://www.businesswire.com/news/home/20160830005089/en/Global-Genetically-Modified-Seeds-Market-Witness-Growth
https://doi.org/10.1111/pbi.12758
https://doi.org/10.1038/d41586-018-05814-6
https://doi.org/10.1038/d41586-018-05814-6
https://doi.org/10.1111/j.1752-4571.2010.00129.x
https://doi.org/10.1111/j.1752-4571.2010.00129.x
https://doi.org/10.1104/pp.108.118828
https://doi.org/10.1104/pp.108.118828
http://hdl.handle.net/10883/1351
http://hdl.handle.net/10883/1351
https://patents.google.com/patent/WO2013116750A1
https://patents.google.com/patent/WO2013116750A1
https://doi.org/10.1111/j.1467-7652.2012.00720.x
https://doi.org/10.1111/j.1467-7652.2012.00720.x
https://doi.org/10.1038/nature24268
https://doi.org/10.1038/nature24268
https://doi.org/10.1093/aob/mch006
https://doi.org/10.1016/s1369-5266(02)00255-8
https://doi.org/10.1016/s1369-5266(02)00255-8
https://doi.org/10.1016/0092-8674(77)90043-5
https://doi.org/10.1016/0092-8674(77)90043-5
https://doi.org/10.1534/genetics.110.120717
https://doi.org/10.1534/genetics.110.120717
https://doi.org/10.1534/g3.113.007104
https://doi.org/10.1016/S1369-5266(02)00255-8
https://doi.org/10.1016/S1369-5266(02)00255-8
https://doi.org/10.1111/pbi.12370
https://doi.org/10.1099/00221287-134-12-3221
https://doi.org/10.1099/00221287-134-12-3221
https://doi.org/10.1111/pbi.12857
https://doi.org/10.1016/j.plantsci.2007.06.010
https://doi.org/10.1016/j.plantsci.2007.06.010
https://doi.org/10.1016/j.plantsci.2009.12.005
https://doi.org/10.1016/j.plantsci.2009.12.005


 Planta          (2020) 251:91 

1 3

   91  Page 22 of 27

De Vos CJ, Swanenburg M (2018) Health effects of feeding genetically 
modified (GM) crops to livestock animals: A review. Food Chem 
Toxicol 117:3–12. https ://doi.org/10.1016/j.fct.2017.08.031

Dezar CA, Gago GM, González DH, Chan RL (2005) Hahb-4, a 
sunflower homeobox-leucine zipper gene, is a developmental 
regulator and confers drought tolerance to Arabidopsis thaliana 
plants. Transgenic Res 14:429–440. https ://doi.org/10.1007/
s1124 8-005-5076-0

Dill GM, CaJacob CA, Padgette SR (2008) Glyphosate-resistant crops: 
adoption, use and future considerations. Pest Manag Sci 64:326–
331. https ://doi.org/10.1002/ps.1501

Dively GP, Rose R, Sears MK, Hellmich RL, Stanley-Horn DE, Cal-
vin DD, Russo JM, Anderson PL (2004) Effects on monarch 
butterfly larvae (Lepidoptera: Danaidae) after continuous expo-
sure to Cry1Ab-expression corn during anthesis. Envn Entomol 
33:1116–1125. https ://doi.org/10.1603/0046-225x-33.4.1116

Domingo JL (2016) Safety assessment of GM plants: an updated review 
of the scientific literature. Food Chem Toxicol 95:12–18. https ://
doi.org/10.1016/j.fct.2016.06.013

Dong L, Li L, Liu C, Liu C, Geng S, Li X, Huang C, Mao L, Chen 
S, Xie C (2018) Genome editing and double-fluorescence pro-
teins enable robust maternal haploid induction and identifica-
tion in maize. Mol Plant 11:1214–1217. https ://doi.org/10.1016/j.
molp.2018.06.011

Doudna JA, Charpentier E (2014) The new frontier of genome engi-
neering with CRISPR–Cas9. Science 346:1258096. https ://doi.
org/10.1126/scien ce.12580 96

Du H, Zeng X, Zhao M, Cui X, Wang Q, Yang H, Cheng H, Yu D 
(2016) Efficient targeted mutagenesis in soybean by TAL-
ENs and CRISPR/Cas9. J Biotechnol 217:90–97. https ://doi.
org/10.1016/j.jbiot ec.2015.11.005

Duan X, Li X, Xue Q, Abo-El-Saad M, Xu D, Wu R (1996) Transgenic 
rice plants harboring an introduced potato Proteinase inhibitor II 
gene are insect resistant. Nat Biotechnol 14:494–498. https ://doi.
org/10.1038/nbt04 96-494

Dufourmantel N, Tissot G, Goutorbe F, Garcon F, Jansens S, Pelis-
sier B, Peltier G, Dubald M (2005) Generation and analysis of 
soybean plastid transformants expressing Bacillus thuringien-
sis Cry1Ab protoxin. Plant Mol Biol 58:659–668. https ://doi.
org/10.1007/s1110 3-005-7405-3

EFSA Panel on Genetically Modified Organisms (GMO) (2012) Scien-
tific opinion addressing the safety assessment of plants developed 
through cisgenesis and intragenesis. EFSA J 10(2561):33. https 
://doi.org/10.2903/j.efsa.2012.2561

FAO (2010) Fats and fatty acids in human nutrition. Report of an expert 
consultation. Rome: Food and Agricultural Organisation of the 
United Nations. 10–14 November 2008, Geneva. FAO Food 
and Nutrition Paper 91. https ://agris .fao.org/agris -searc h/searc 
h.do?recor dID=XF201 60491 06

Fang J, Xu X, Wang P, Zhao JZ, Shelton AM, Cheng J, Shen Z (2007) 
Characterization of chimeric Bacillus thuringiensis Vip3 toxins. 
Appl Environ Microbiol 73:956–961. https ://doi.org/10.1128/
aem.02079 -06

Faria JC, Albino MMC, Dias BBA, Cancado LJ, Cunha NB, Silva LM, 
Vianna GR, Aragão FJL (2006) Partial resistance to Bean golden 
mosaic virus in a transgenic common bean (Phaseolus vulgaris 
L.) line expressing a mutated rep gene. Plant Sci 171:565–571. 
https ://doi.org/10.1016/j.plant sci.2006.06.010

Ferreira SA, Pitz KY, Manshardt R, Zee F, Fitch M, Gonsalves D 
(2002) Virus coat protein transgenic papaya provides practical 
control of papaya ringspot virus in hawaii. Plant Dis 86:101–105. 
https ://doi.org/10.1094/pdis.2002.86.2.101

Ford CS, Allainguillaume J, Grilli-Chantler P, Cuccato J, Allender 
CJ, Wilkinson MJ (2006) Spontaneous gene flow from rape-
seed (Brassica napus) to wild Brassica oleracea. Proc Biol Sci 
273:3111–3115. https ://doi.org/10.1098/rspb.2006.3686

Foster SJ, Park TH, Pel M, Brigneti G, Sliwka J, Jagger L, Vossen 
EVD, Jones JD (2009) Rpi-vnt1.1, a Tm-22 homolog from 
Solanum venturii, confers resistance to potato late blight. Mol 
Plant Microbe Interact 22:589–600. https ://doi.org/10.1094/
MPMI-22-5-0589

Fraley RT, Rogers SG, Horsch RB, Sanders PR, Flick JS et al (1983) 
Expression of bacterial genes in plant cells. Proc Natl Acad Sci 
USA 80:4803–4807. https ://doi.org/10.1073/pnas.80.15.4803

Fujimoto H, Itoh K, Yamamoto M, Kyozuka J, Shimamoto K (1993) 
Insect resistant rice generated by introduction of a modifed 
δ-endotoxin gene of Bacillus thuringiensis. Nat Biotechnol 
11:1151–1155. https ://doi.org/10.1038/nbt10 93-1151

Gago GM, Almoguera C, Jordano J, Gonzalez DH, Chan RL (2002) 
Hahb-4, a homeobox leucine zipper gene potentially involved 
in abscisic acid-dependent responses to water stress in sun-
flower. Plant Cell Environ 25:633–640. https ://doi.org/10.104
6/j.1365-3040.2002.00853 .x

Galili G (1995) Regulation of lysine and threonine synthesis. Plant Cell 
7:899–906. https ://doi.org/10.1105/tpc.7.7.899

Gao JP, Chao DY, Lin HX (2007) Understanding abiotic stress tol-
erance mechanisms: recent studies on stress response in 
rice. J Integr Plant Biol 49:742–750. https ://doi.org/10.111
1/j.1744-7909.2007.00495 .x

Gassmann AJ, Petzold-Maxwell JL, Keweshan RS, Dunbar MW 
(2011) Field-evolved resistance to Bt maize by western corn 
rootworm. PLoS ONE 6:e22629. https ://doi.org/10.1371/journ 
al.pone.00226 29

Geiger HH (2009) Doubled haploids. In: Bennetzen JL, Hake S (eds) 
Maize handbook-volume II: genetics and genomics. Springer 
Verlag, Heidelberg, pp 641–657

Geliebter A, Torbay N, Bracco EF, Hashim SA, Van Itallie TB (1983) 
Overfeeding with medium-chain triglyceride diet results in 
diminished deposition of fat. Am J Clin Nutr 37:1–4. https ://doi.
org/10.1093/ajcn/37.1.1

Gilbert N (2013) A hard look at GM crops. Nature 497:24–26. https ://
doi.org/10.1038/49702 4a

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant 
machinery in abiotic stress tolerance in crop plants. Plant 
Physiol Biochem 48:909–930. https ://doi.org/10.1016/j.plaph 
y.2010.08.016

Gocal G (2015a) Non-transgenic trait development in crop plants using 
oligo-directed mutagenesis: Cibus’ Rapid Trait Development 
System. In: NABC Report 26. New DNA-Editing Approaches: 
Methods, Applications and Policy for Agriculture. pp 97–105. 
North American Agricultural Biotechnology Council, Ithaca, 
NY. https ://ecomm ons.corne ll.edu/bitst ream/handl e/1813/51428 
/nabc2 6_10_Gocal .pdf?seque nce=1&isAll owed=y.

Gocal GFW, Schopke C, Beetham PR (2015) Oligomediated target-
ing gene editing. In: Puchta H, Thompson JG (eds) Advances in 
New Technology for Targeted Modification of Plant Genomes 
(Zhang F, Puchta H and Thompson JG Eds). Springer, New York, 
pp 73–89

Green JM (2012) The benefits of herbicide-resistant crops. Pest Manag 
Sci 68:1323–1331. https ://doi.org/10.1002/ps.3374

Griffiths AJF, Wessler SR, Lewontin RC, Gelbart WM, Suzuki DT, 
Miller JH (2005) Introduction to genetic analysis. 8th (ed.) Free-
manWH, New York. https ://www.bio.bg.ac.rs/mater ijali _predm 
eta/med-eng-griffi ths-an-intro ducti on-to-genet ic-analy sis.pdf

Guilinger JP, Pattanayak V, Reyon D, Tsai SQ, Sander JD, Joung JK, 
Liu DR (2014) Broad specificity profiling of TALENs results in 
engineered nucleases with improved DNA-cleavage specificity. 
Nat Methods 11:429–435. https ://doi.org/10.1038/nmeth .2845

Guilinger JP, Thompson DB, Liu DR (2014) Fusion of catalytically 
inactive Cas9 to FokI nuclease improves the specificity of 
genome modification. Nat Biotechnol 32:577–582. https ://doi.
org/10.1038/nbt.2909

https://doi.org/10.1016/j.fct.2017.08.031
https://doi.org/10.1007/s11248-005-5076-0
https://doi.org/10.1007/s11248-005-5076-0
https://doi.org/10.1002/ps.1501
https://doi.org/10.1603/0046-225x-33.4.1116
https://doi.org/10.1016/j.fct.2016.06.013
https://doi.org/10.1016/j.fct.2016.06.013
https://doi.org/10.1016/j.molp.2018.06.011
https://doi.org/10.1016/j.molp.2018.06.011
https://doi.org/10.1126/science.1258096
https://doi.org/10.1126/science.1258096
https://doi.org/10.1016/j.jbiotec.2015.11.005
https://doi.org/10.1016/j.jbiotec.2015.11.005
https://doi.org/10.1038/nbt0496-494
https://doi.org/10.1038/nbt0496-494
https://doi.org/10.1007/s11103-005-7405-3
https://doi.org/10.1007/s11103-005-7405-3
https://doi.org/10.2903/j.efsa.2012.2561
https://doi.org/10.2903/j.efsa.2012.2561
http://agris.fao.org/agris-search/search.do?recordID=XF2016049106
http://agris.fao.org/agris-search/search.do?recordID=XF2016049106
https://doi.org/10.1128/aem.02079-06
https://doi.org/10.1128/aem.02079-06
https://doi.org/10.1016/j.plantsci.2006.06.010
https://doi.org/10.1094/pdis.2002.86.2.101
https://doi.org/10.1098/rspb.2006.3686
https://doi.org/10.1094/MPMI-22-5-0589
https://doi.org/10.1094/MPMI-22-5-0589
https://doi.org/10.1073/pnas.80.15.4803
https://doi.org/10.1038/nbt1093-1151
https://doi.org/10.1046/j.1365-3040.2002.00853.x
https://doi.org/10.1046/j.1365-3040.2002.00853.x
https://doi.org/10.1105/tpc.7.7.899
https://doi.org/10.1111/j.1744-7909.2007.00495.x
https://doi.org/10.1111/j.1744-7909.2007.00495.x
https://doi.org/10.1371/journal.pone.0022629
https://doi.org/10.1371/journal.pone.0022629
https://doi.org/10.1093/ajcn/37.1.1
https://doi.org/10.1093/ajcn/37.1.1
https://doi.org/10.1038/497024a
https://doi.org/10.1038/497024a
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1016/j.plaphy.2010.08.016
https://ecommons.cornell.edu/bitstream/handle/1813/51428/nabc26_10_Gocal.pdf?sequence=1&isAllowed=y
https://ecommons.cornell.edu/bitstream/handle/1813/51428/nabc26_10_Gocal.pdf?sequence=1&isAllowed=y
https://doi.org/10.1002/ps.3374
https://www.bio.bg.ac.rs/materijali_predmeta/med-eng-griffiths-an-introduction-to-genetic-analysis.pdf
https://www.bio.bg.ac.rs/materijali_predmeta/med-eng-griffiths-an-introduction-to-genetic-analysis.pdf
https://doi.org/10.1038/nmeth.2845
https://doi.org/10.1038/nbt.2909
https://doi.org/10.1038/nbt.2909


Planta          (2020) 251:91  

1 3

Page 23 of 27    91 

Guo J, Litao Y, Xin L, Xiaoyan G, Lingxi J, Dabing Z (2009) Charac-
terization of the exogenous insert and development of event-spe-
cific PCR detection methods for genetically modified Huanong 
No. 1 Papaya. J Agric Food Chem 57:7205–7212. https ://doi.
org/10.1021/jf901 198x

Guo Y, Xu Q, Canzio D, Shou J, Li J, Gorkin DU, Jung I et al (2015) 
CRISPR inversion of CTCF sites alters genome topology and 
enhancer/promoter function. Cell 162:900–910. https ://doi.
org/10.1016/j.cell.2015.07.038

Gupta B, Tripathi AK, Joshi R, Pareek A, Singla-Pareek SL (2015) 
Designing climate smart future crops employing signal trans-
duction components. In: Pandey GK (ed) Elucidation of abiotic 
stress signaling in plants: functional genomics perspectives. 
Springer, New York, pp 393–414

Halfill MD, Richards HA, Mabon SA, Stewart CN (2001) Expression 
of GFP and Bt transgenes in Brassica napus and hybridization 
with Brassica rapa. Theor Appl Genet 103:659–667. https ://doi.
org/10.1007/s0012 20100 613

Han SM, Lee B, Won OJ, Hwang KS, Suh SJ, Kim C, Park KW (2015) 
Gene flow from herbicide resistant genetically modified rice to 
conventional rice (Oryza sativa L.) cultivars. J Ecol Environ 
38:397–403. https ://doi.org/10.5141/ecoen v.2015.042

Haun W, Coffman A, Clasen BM, Demorest ZL, Lowy A, Ray E, Ret-
terath A, Stoddard T, Juillerat A, Cedrone F, Mathis L, Voytas 
DF, Zhang F (2014) Improved soybean oil quality by targeted 
mutagenesis of the fatty acid desaturase 2 gene family. Plant 
Biotechnol J 12:934–940. https ://doi.org/10.1111/pbi.12201 

Haverkort J, Struik PC, Visser RGF, Jacobsen E (2009) Applied Bio-
technology to Combat Late Blight in Potato Caused by Phytoph-
thora Infestans. Potato Res 52:249–264. https ://doi.org/10.1007/
s1154 0-009-9136-3

Heap I (2014) Global perspective of herbicide-resistant weeds. Pest 
Manag Sci 70:1306–1315. https ://doi.org/10.1002/ps.3696

Heap I, Duke SO (2018) Overview of glyphosate-resistant weeds 
worldwide. Pest Manag Sci 74:1040–1049. https ://doi.
org/10.1002/ps.4760

Heritage J (2004) The fate of transgenes in the human gut. Nat Biotech-
nol 22:170–172. https ://doi.org/10.1038/nbt02 04-170

Herrera-Estrella L, Block MD, Messens E, Hernalsteens JP, Mon-
tagu MV, Schell J (1983) Chimeric genes as dominant selecta-
ble markers in plant cells. EMBO J 2:987–995. https ://doi.
org/10.1002/j.1460-2075.1983.tb015 32.x

Herrera-Estrella L, Depicker A, Montagu MV, Schell J (1983) 
Expression of chimaeric genes transfered into plant cells using 
a Ti-plasmid-derived vector. Nature 303:209–213. https ://doi.
org/10.1038/30320 9a0

Hilder VA, Gatehouse AMR, Sheerman SE, Barker RF, Boulter D 
(1987) A novel mechanism of insect resistance engineered into 
tobacco. Nature 330:160–163. https ://doi.org/10.1038/33016 0a0

Hilton IB, D’Ippolito AM, Vockley CM, Thakore PI, Crawford 
GE, Reddy TE, Gersbach CA (2015) Epigenome editing by a 
CRISPR–Cas9-based acetyltransferase activates genes from pro-
moters and enhancers. Nat Biotechnol 33:510–517. https ://doi.
org/10.1038/nbt.3199

Holme IB, Dionisio G, Brinch-Pedersen H, Wendt T, Madsen CK, 
Vincze E, Holm PB (2012) Cisgenic barley with improved 
phytase activity. Plant Biotechnol J 10:237–247. https ://doi.org/
10.1111/j.1467-7652.2011.00660 .x

Indurker S, Misra HS, Eapen S (2007) Genetic transformation of chick-
pea (Cicer arietinum L.) with insecticidal crystal protein gene 
using particle gun bombardment. Plant Cell Rep 26:755–763. 
https ://doi.org/10.1007/s0029 9-006-0283-6

ISAAA (2017) Global Status of Commercialized Biotech/GM Crops 
in 2017: Biotech Crop Adoption Surges as Economic Benefits 
Accumulate in 22 Years. ISAAA Brief No. 53. ISAAA: Ithaca, 
NY. https ://www.isaaa .org/resou rces/publi catio ns/brief s/53/

ISAAA (2018) Global Status of Commercialized Biotech/GM Crops 
in 2018: Biotech Crops Continue to Help Meet the Challenges 
of Increased Population and Climate Change. ISAAA Brief No. 
54. ISAAA: Ithaca, NY. https ://www.isaaa .org/resou rces/publi 
catio ns/brief s/54/execu tives ummar y/pdf/B54-ExecS um-Engli 
sh.pdf

ISAAA database (2019) GM Approval Database retrieved on 17 Nov 
2019. https ://www.isaaa .org/gmapp roval datab ase/defau lt.asp

James C (1997) Global Status of Transgenic Crops in 1997. ISAAA 
Brief No. 5. ISAAA: Ithaca, NY. pp 31. https ://www.isaaa .org/
purch asepu blica tions /itemd escri ption .asp?ItemT ype=BRIEF 
S&Contr ol=IB005 -1997

James C (2013) Global Status of Commercialized Biotech/GM 
Crops: 2013. ISAAA  Brief No.46. ISAAA: Ithaca, NY. https ://
www.isaaa .org/resou rces/publi catio ns/brief s/46/

James C (2015) 20th Anniversary (1996 to 2015) of the Global Com-
mercialization of Biotech Crops and Biotech Crop Highlights 
in 2015. ISAAA Brief No. 51. ISAAA: Ithaca, NY. https ://isaaa 
.org/resou rces/publi catio ns/brief s/51/defau lt.asp

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E 
(2012) A programmable dual-RNA-guided DNA endonuclease 
in adaptive bacterial immunity. Science 337:816–821. https ://
doi.org/10.1126/scien ce.12258 29

Jones HD (2015) Regulatory uncertainty over genome editing. 
Nature Plants 1:14011. https ://doi.org/10.1038/nplan ts.2014.11

Joung JK, Sander JD (2013) TALENs: a widely applicable tech-
nology for targeted genome editing. Nat Rev Mol Cell Biol 
14:49–55. https ://doi.org/10.1038/nrm34 86

Kalla R, Shimamoto K, Potter R, Nielsen PS, Linnestad C, Olsen 
OA (1994) The promoter of the barley aleurone-specific gene 
encoding a putative 7 kDa lipid transfer protein confers aleu-
rone cell specific expression in transgenic rice. Plant J 6:849–
860. https ://doi.org/10.1046/j.1365-313X.1994.60608 49.x

Kaniewski W, Lawson C, Sammons B, Haley L, Hart J, Delannay 
X, Tumer NE (1990) Field resistance of transgenic russet bur-
bank potato to effects of infection by potato virus X and potato 
virus Y. Nat Biotechnol 8:750–754. https ://doi.org/10.1038/
nbt08 90-750

Karlson D, Nakaminami K, Toyomasu T, Imai R (2002) A cold-
regulated nucleic acid-binding protein of winter wheat shares 
a domain with bacterial cold shock proteins. J Biol Chem 
277:35248–35256. https ://doi.org/10.1074/jbc.m2057 74200 

Keese P (2008) Risks from GMOs due to horizontal gene trans-
fer. Environ Biosaf Res 7:123–149. https ://doi.org/10.1051/
ebr:20080 14

Kelliher T, Starr D, Richbourg L, Chintamanani S, Delzer B, Nuccio 
ML, Green J, Chen Z, McCuiston J, Wang W, Liebler T, Bullock 
P, Martin B (2017) MATRILINEAL, a sperm-specific phospho-
lipase, triggers maize haploid induction. Nature 542:105–109. 
https ://doi.org/10.1038/natur e2082 7

Kereša S, Grdiša M, Barić M, Barčić J, Marchetti S (2008) Trans-
genic plants expressing insect resistance genes. Sjemenarstvo 
25:139–153. https ://hrcak .srce.hr/file/43734 

Khan MS, Yu X, Kikuchi A, Asahina M, Watanabe KN (2009) Genetic 
engineering of glycinebetaine biosynthesis to enhance abiotic 
stress tolerance in plants. Plant Biotechnol 26:125–134. https ://
doi.org/10.5511/plant biote chnol ogy.26.125

Kim JS, Park SJ, Kwak KJ, Kim YO, Song J, Jang B, Jung CH, Kang H 
(2007) Cold shock domain proteins and glycine-rich RNA-bind-
ing proteins from Arabidopsis thaliana can promote cold adapta-
tion process in Escherichia Coli. Nucleic Acids Res 35:506–516. 
https ://doi.org/10.1093/nar/gkl10 76

Kim MH, Sato S, Sasaki K, Saburi W, Matsui H, Imai R (2013) Cold 
shock domain protein 3 is involved in salt and drought stress 
tolerance in Arabidopsis. FEBS Open Biol 3:438–442. https ://
doi.org/10.1016/j.fob.2013.10.003

https://doi.org/10.1021/jf901198x
https://doi.org/10.1021/jf901198x
https://doi.org/10.1016/j.cell.2015.07.038
https://doi.org/10.1016/j.cell.2015.07.038
https://doi.org/10.1007/s001220100613
https://doi.org/10.1007/s001220100613
https://doi.org/10.5141/ecoenv.2015.042
https://doi.org/10.1111/pbi.12201
https://doi.org/10.1007/s11540-009-9136-3
https://doi.org/10.1007/s11540-009-9136-3
https://doi.org/10.1002/ps.3696
https://doi.org/10.1002/ps.4760
https://doi.org/10.1002/ps.4760
https://doi.org/10.1038/nbt0204-170
https://doi.org/10.1002/j.1460-2075.1983.tb01532.x
https://doi.org/10.1002/j.1460-2075.1983.tb01532.x
https://doi.org/10.1038/303209a0
https://doi.org/10.1038/303209a0
https://doi.org/10.1038/330160a0
https://doi.org/10.1038/nbt.3199
https://doi.org/10.1038/nbt.3199
https://doi.org/10.1111/j.1467-7652.2011.00660.x
https://doi.org/10.1111/j.1467-7652.2011.00660.x
https://doi.org/10.1007/s00299-006-0283-6
http://www.isaaa.org/resources/publications/briefs/53/
https://www.isaaa.org/resources/publications/briefs/54/executivesummary/pdf/B54-ExecSum-English.pdf
https://www.isaaa.org/resources/publications/briefs/54/executivesummary/pdf/B54-ExecSum-English.pdf
https://www.isaaa.org/resources/publications/briefs/54/executivesummary/pdf/B54-ExecSum-English.pdf
https://www.isaaa.org/gmapprovaldatabase/default.asp
http://www.isaaa.org/purchasepublications/itemdescription.asp?ItemType=BRIEFS&Control=IB005-1997
http://www.isaaa.org/purchasepublications/itemdescription.asp?ItemType=BRIEFS&Control=IB005-1997
http://www.isaaa.org/purchasepublications/itemdescription.asp?ItemType=BRIEFS&Control=IB005-1997
http://www.isaaa.org/resources/publications/briefs/46/
http://www.isaaa.org/resources/publications/briefs/46/
https://isaaa.org/resources/publications/briefs/51/default.asp
https://isaaa.org/resources/publications/briefs/51/default.asp
https://doi.org/10.1126/science.1225829
https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/nplants.2014.11
https://doi.org/10.1038/nrm3486
https://doi.org/10.1046/j.1365-313X.1994.6060849.x
https://doi.org/10.1038/nbt0890-750
https://doi.org/10.1038/nbt0890-750
https://doi.org/10.1074/jbc.m205774200
https://doi.org/10.1051/ebr:2008014
https://doi.org/10.1051/ebr:2008014
https://doi.org/10.1038/nature20827
https://hrcak.srce.hr/file/43734
https://doi.org/10.5511/plantbiotechnology.26.125
https://doi.org/10.5511/plantbiotechnology.26.125
https://doi.org/10.1093/nar/gkl1076
https://doi.org/10.1016/j.fob.2013.10.003
https://doi.org/10.1016/j.fob.2013.10.003


 Planta          (2020) 251:91 

1 3

   91  Page 24 of 27

Kim H, Kim JS (2014) A guide to genome engineering with pro-
grammable nucleases. Nat Rev Genet 15:321–334. https ://doi.
org/10.1038/nrg36 86

Kim Y, Kweon J, Kim JS (2013) TALENs and ZFNs are associated 
with different mutation signatures. Nat Methods 10:185. https 
://doi.org/10.1038/nmeth .2364

Kim YG, Cha J, Chandrasegaran S (1996) Hybrid restriction 
enzymes: zinc finger fusions to FokI cleavage domain. Proc 
Natl Acad Sci USA 93:1156–1160. https ://doi.org/10.1073/
pnas.93.3.1156

Klümper W, Qaim M (2014) A Meta-Analysis of the Impacts of 
Genetically Modified Crops. PLoS ONE 9:e111629. https ://doi.
org/10.1371/journ al.pone.01116 29

Koul B, Srivastava S, Sanya I, Tripathi B, Sharma V, Amla DV 
(2014) Transgenic tomato line expressing modified Bacil-
lus thuringiensis cry1Ab gene showing complete resistance 
to two lepidopteran pests. Springer Plus 3:84. https ://doi.
org/10.1186/2193-1801-3-84

Koussevitzky S, Suzuki N, Huntington S, Armijo L, Sha W, Cortes D, 
Shulaev V, Mittler R (2008) Ascorbate peroxidase 1 plays a key 
role in the response of Arabidopsis thaliana to stress combina-
tion. J Biol Chem 283:34197–34203. https ://doi.org/10.1074/jbc.
M8063 37200 

Koziel MG, Beland GL, Bowman C, Carozzi NB, Crenshaw C, Cross-
land L, Dawson J, Desai N, Hill M, Kadwell S et al (1993) Field 
performance of elite transgenic maize plants expressing an insec-
ticidal protein derived from Bacillus thuringiensis. Nat Biotech-
nol 11:194–200. https ://doi.org/10.1038/nbt02 93-194

Kumar H, Kumar V (2004) Tomato expressing Cry1A(b) insecticidal 
protein from Bacillus thuringiensis protected against tomato 
fruit borer, Helicoverpa armigera (Hübner) (Lepidoptera: Noc-
tuidae) damage in the laboratory, greenhouse and field. Crop 
Prot 23:135–139. https ://doi.org/10.1016/j.cropr o.2003.08.006

Kumar K, Aggarwal C, Sapna B, Singh I, Yadava P (2018) Microbial 
genes in crop improvement. Crop improvement through micro-
bial biotechnology. Elsevier, Amsterdam, Netherlands, pp 39–56

Lawrenson T, Shorinola O, Stacey N, Li C, Østergaard L, Patron N, 
Uauy C, Harwood W (2015) Induction of targeted, heritable 
mutations in barley and Brassica oleracea using RNA-guided 
Cas9 nuclease. Genome Biol 16:258. https ://doi.org/10.1186/
s1305 9-015-0826-7

Lea PJ, Joy KW, Ramos JL, Guerrero MG (1984) The action of 
2-amino-4-(methylphosphinyl)-butanoic acid (phosphinothri-
cin) and its 2-oxo-derivative on the metabolism of cyanobac-
teria and higher plants. Phytochemistry 23:1–6. https ://doi.
org/10.1016/0031-9422(84)83066 -6

Li C, Zong Y, Wang Y, Jin S, Zhang D, Song Q, Zhang R, Gao C 
(2018) Expanded base editing in rice and wheat using a Cas9–
adenosine deaminase fusion. Genome Biol 19:59. https ://doi.
org/10.1186/s1305 9-018-1443-z

Li T, Liu B, Spalding MH, Weeks DP, Yang B (2012) High-efficiency 
TALEN-based gene editing produces disease-resistance rice. Nat 
Biotechnol 30:390–392. https ://doi.org/10.1038/nbt.2199

Li Z, Zhang D, Xiong X, Yan B, Xie W, Sheen J, Li JF (2017) A potent 
Cas9-derived gene activator for plant and mammalian cells. Nat 
Plants 3:930–936. https ://doi.org/10.1038/s4147 7-017-0046-0

Liang Z, Chen K, Li T, Zhang Y, Wang Y, Zhao Q, Liu J et al (2017) 
ARTICLE Efficient DNA-free genome editing of bread wheat 
using CRISPR/Cas9 ribonucleoprotein complexes. Nat Commun 
8:1–5. https ://doi.org/10.1038/ncomm s1426 1

Liu C, Li X, Meng D, Zhong Y, Chen C, Dong X, Xu X, Chen B, Li W, 
Li L et al (2017) A 4-bp insertion at ZmPLA1 encoding a puta-
tive phospholipase A generates haploid induction in maize. Mol 
Plant 10:520–522. https ://doi.org/10.1016/j.molp.2017.01.011

Losey JE, Rayor LS, Carter ME (1999) Transgenic pollen harms mon-
arch larvae. Nature 399:214. https ://doi.org/10.1038/20338 

Lowder LG, Paul JW, Qi Y (2017) Multiplexed transcriptional activa-
tion or repression in plants using CRISPR–dCas9-based Systems. 
In: Mueller-Roeber B, Kaufmann K (eds) Plant gene regulatory 
networks. Methods in molecular biology. Humana Press, New 
York, pp 167–184

Lu Y, Wu K, Jiang Y, Xia B, Li P, Feng H, Wyckhuys KAG, Guo Y 
(2010) Mirid bug outbreaks in multiple crops correlated with 
wide-scale adoption of Bt cotton in China. Science 328:1151–
1154. https ://doi.org/10.1126/scien ce.11878 81

Luttrell RG, Ali I, Allen KC, Young III SY, Szalanski A, Williams 
K, Lorenz G, Parker Jr CD, Blanco C, (2004) Resistance to Bt 
in Arkansas populations of cotton bollworm, pp. 1373–1383. 
In Richter DA [ed.], Proceedings, 2004 Beltwide Cotton Con-
ferences, 5–9 January 2004, San Antonio, TX, National Cotton 
Council of America, Memphis, TN. https ://naldc .nal.usda.gov/
downl oad/12012 /PDF

Lovei GL, Bøhn T, Hilbeck A (2010) Biodiversity, Ecosystem Services 
and Genetically Modified Organisms Third World Network, 131 
Macalister Road 10400 Penang, Malaysia. ISBN: 978-967-5412-
13-4. https ://www.twn.my/title 2/biosa fety/pdf/bio10 .pdf

Ma L, Zhu F, Li Z, Zhang J, Li X, Dong J, Wang T (2015) TALEN-
Based mutagenesis of lipoxygenase LOX3 enhances the storage 
tolerance of rice (Oryza sativa) seeds. PLoS ONE 10:e0143877. 
https ://doi.org/10.1371/journ al.pone.01438 77

Ma L, Zhang D, Miao Q, Yang J, Xuan Y, Hu Y (2017) Essential 
role of sugar transporter OsSWEET11 during the early stage 
of rice grain filling. Plant Cell Physiol 58:863–873. https ://doi.
org/10.1093/pcp/pcx04 0

Mahfouz MM, Li L, Piatek M et al (2012) Targeted transcriptional 
repression using a chimeric TALE-SRDX repressor protein. 
Plant Molecular Biol 78:311–321. https ://doi.org/10.1007/s1110 
3-011-9866-x

Majeed A, Makhdoom R, Husnain T, Riazuddin S (2011) Assess-
ment of potato proteinase inhibitor-II gene as an antifungal and 
insecticidal agent. Acta Agric Scand Sect 61:92–96. https ://doi.
org/10.1080/09064 71090 34337 77

Malinovski T, Cambra M, Capote N, Zawadska B, Gorris T, Scorza 
R, Ravelonandro M (2006) Field trials of plum clones trans-
formed with Plum pox virus coat protein (PPV CP) gene. Plant 
Dis 90:1012–1018. https ://doi.org/10.1094/pd-90-1012

Mandaokar AD, Goyal RK, Shukla A, Bisaria S, Bhalla R, Reddy 
VS, Chaurasia A, Sharma RP, Altosaar I, Ananda Kumar P 
(2000) Transgenic tomato plants resistant to fruit borer (Heli-
coverpa armigera Hübner). Crop Prot 19:307–312. https ://doi.
org/10.1016/j.cropr o.2012.01.010

Marc F, Dennis G (1995) Resistance of transgenic hybrid squash zw-20 
expressing the coat protein genes of zucchini yellow mosaic virus 
and watermelon mosaic virus 2 to mixed infections by both poty-
viruses. Nat Biotechnol 13:1466–1473. https ://doi.org/10.1038/
nbt12 95-1466

McDougall P (2011) The Cost and Time Involved in the Discovery, 
Development and Authorisation of a New Plant Biotechnology 
Derived Trait. In: A Consultancy Study for Crop Life Interna-
tional, Pathhead, Midlothin, UK. https ://cropl ife.org/wp-conte 
nt/uploa ds/2014/04/Getti ng-a-Biote ch-Crop-to-Marke t-Phill ips-
McDou gall-Study .pdf

McPherson SA, Perlak FJ, Fuchs RL, Marrone PG, Lavrik PB, Fischho 
DA (1988) Characterization of the coleopteran specific protein 
gene of Bacillus thuringiensis var. tenebrionis. Nat Biotechnol 
6:61–66. https ://doi.org/10.1038/nbt01 88-61

Mehrotra M, Singh AK, Sanyal I, Altosaar I, Amla DV (2011) Pyramid-
ing of modified cry1Ab and cry1Ac genes of Bacillus thuring-
iensis in transgenic chickpea (Cicer arietinum L.) for improved 
resistance to pod borer insect Helicoverpa armigera. Euphytica 
182:87–102. https ://doi.org/10.1007/s1068 1-011-0501-3

https://doi.org/10.1038/nrg3686
https://doi.org/10.1038/nrg3686
https://doi.org/10.1038/nmeth.2364
https://doi.org/10.1038/nmeth.2364
https://doi.org/10.1073/pnas.93.3.1156
https://doi.org/10.1073/pnas.93.3.1156
https://doi.org/10.1371/journal.pone.0111629
https://doi.org/10.1371/journal.pone.0111629
https://doi.org/10.1186/2193-1801-3-84
https://doi.org/10.1186/2193-1801-3-84
https://doi.org/10.1074/jbc.M806337200
https://doi.org/10.1074/jbc.M806337200
https://doi.org/10.1038/nbt0293-194
https://doi.org/10.1016/j.cropro.2003.08.006
https://doi.org/10.1186/s13059-015-0826-7
https://doi.org/10.1186/s13059-015-0826-7
https://doi.org/10.1016/0031-9422(84)83066-6
https://doi.org/10.1016/0031-9422(84)83066-6
https://doi.org/10.1186/s13059-018-1443-z
https://doi.org/10.1186/s13059-018-1443-z
https://doi.org/10.1038/nbt.2199
https://doi.org/10.1038/s41477-017-0046-0
https://doi.org/10.1038/ncomms14261
https://doi.org/10.1016/j.molp.2017.01.011
https://doi.org/10.1038/20338
https://doi.org/10.1126/science.1187881
https://naldc.nal.usda.gov/download/12012/PDF
https://naldc.nal.usda.gov/download/12012/PDF
https://www.twn.my/title2/biosafety/pdf/bio10.pdf
https://doi.org/10.1371/journal.pone.0143877
https://doi.org/10.1093/pcp/pcx040
https://doi.org/10.1093/pcp/pcx040
https://doi.org/10.1007/s11103-011-9866-x
https://doi.org/10.1007/s11103-011-9866-x
https://doi.org/10.1080/09064710903433777
https://doi.org/10.1080/09064710903433777
https://doi.org/10.1094/pd-90-1012
https://doi.org/10.1016/j.cropro.2012.01.010
https://doi.org/10.1016/j.cropro.2012.01.010
https://doi.org/10.1038/nbt1295-1466
https://doi.org/10.1038/nbt1295-1466
https://croplife.org/wp-content/uploads/2014/04/Getting-a-Biotech-Crop-to-Market-Phillips-McDougall-Study.pdf
https://croplife.org/wp-content/uploads/2014/04/Getting-a-Biotech-Crop-to-Market-Phillips-McDougall-Study.pdf
https://croplife.org/wp-content/uploads/2014/04/Getting-a-Biotech-Crop-to-Market-Phillips-McDougall-Study.pdf
https://doi.org/10.1038/nbt0188-61
https://doi.org/10.1007/s10681-011-0501-3


Planta          (2020) 251:91  

1 3

Page 25 of 27    91 

Mertens M (2008) Assessment of Environmental Impacts of Geneti-
cally Modified Plants. BfN- Skripten 217. Federal Agency for 
Nature Conservation, New York, USA. https ://www.bfn.de/filea 
dmin/MDB/docum ents/servi ce/skrip t217.pdf

Miller JC, Holmes MC, Wang J, Guschin DY, Lee YL et al (2007) 
An improved zinc-finger nuclease architecture for highly spe-
cific genome editing. Nat Biotechnol 25:778–785. https ://doi.
org/10.1038/nbt13 19

Miller JC, Tan S, Qiao G, Barlow KA, Wang J et al (2011) A TALE 
nuclease architecture for efficient genome editing. Nat Biotech-
nol 29:143–148. https ://doi.org/10.1038/nbt.1755

Miller JK, Bradford KJ (2010) The regulatory bottleneck for bio-
tech specialty crops. Nat Biotechnol 28:1012–1014. https ://
doi.org/10.1038/nbt10 10-1012

Mikami M, Toki S, Endo M (2016) Precision targeted mutagen-
esis via Cas9 paired nickases in Rice. Plant Cell Physiol 
57(5):1058–1068. https ://doi.org/10.1093/pcp/pcw04 9

Moradpour M, Abdulah SNA (2019) CRISPR/dCas9 platforms in 
plants: strategies and applications beyond genome editing. 
Plant Biotechnol J. https ://doi.org/10.1111/pbi.13232 

Morineau C, Bellec Y, Tellier F, Gissot L, Kelemen Z, Nogue F, 
Faure JD (2017) Selective gene dosage by CRISPR–Cas9 
genome editing in hexaploid Camelina sativa. Plant Biotechnol 
J 15:729–739. https ://doi.org/10.1111/pbi.12671 

Murai N, Sutton DW, Murray MG, Slightom JL, Merlo DJ, Reichert 
NA, Sengupta-Gopalan C, Stock CA, Barker RF, Kemp 
JD, Hall TC (1983) Phaseolin gene from bean is expressed 
after transfer to sunflower via tumor-inducing plasmid vec-
tors. Science 222:476–482. https ://doi.org/10.1126/scien 
ce.222.4623.476

Nahar K, Hasanuzzaman M, Fujita M (2016) Roles of osmolytes in 
plant adaptation to drought and salinity. In: Iqbal N, Nazar R, 
Khan AN (eds) Osmolytes and plants acclimation to changing 
environment: emerging omics technologies. Springer, New Delhi 
pp: 37–68

Netherwood T, Martín-Orúe SM, O’Donnell AG, Gockling S, Gra-
ham J, Mathers JC, Gilbert HJ (2004) Assessing the survival of 
transgenic plant DNA in the human gastrointestinal tract. Nat 
Biotechnol 22:204–209. https ://doi.org/10.1038/nbt93 4

Oliva R, Ji C, Atienza-Grande G et al (2019) Broad-spectrum resist-
ance to bacterial blight in rice using genome editing. Nat Bio-
technol. https ://doi.org/10.1038/s4158 7-019-0267-z

Onaga G, Wydra K (2016) Advances in plant tolerance to biotic 
stresses, plant genomics, Ibrokhim Y. Abdurakhmonov, Intech 
Open. https ://doi.org/10.5772/64351 . https ://www.intec hopen 
.com/books /plant -genom ics/advan ces-in-plant -toler ance-to-bioti 
c-stres ses

Osakabe K, Osakabe Y, Toki S (2010) Site-directed mutagenesis in 
Arabidopsis using custom-designed zinc finger nucleases. Proc 
Natl Acad Sci USA 107:12034–12039. https ://doi.org/10.1073/
pnas.10002 34107 

Osakabe Y, Watanabe T, Sugano SS et al (2016) Optimization of 
CRISPR/Cas9 genome editing to modify abiotic stress responses 
in plants. Sci Rep. https ://doi.org/10.1038/srep2 6685

Padgette SR, Kolacz KH, Delannay X, Re DB, LaVallee BJ, Tinius 
CN, Rhodes WK, Otero YI, Barry GF, Eichholz DA et al (1995) 
Development, identification and characterization of a glypho-
sate-tolerant soybean line. Crop Sci 35:1451–1461. https ://doi.
org/10.2135/crops ci199 5.00111 83x00 35000 50032 x

Paine JA, Shipton CA, Chaggar S et al (2005) Improving the nutritional 
value of Golden Rice through increased pro-vitamin A content. 
Nat Biotechnol 223:482–487. https ://doi.org/10.1038/nbt10 82

Parrott WA, All JN, Adang MJ, Bailey MA, Boerma HR, Stewart CN Jr 
(1994) Recovery and evaluation of soybean plants transgenic for 
a Bacillus thuringiensis var. kurstaki insecticidal gene. Vitro Cell 
Dev Biol-Plant 30:144–149. https ://doi.org/10.1007/bf026 32204 

Perlak FJ, Fuchs RL, Dean DA, McPherson SL, Fischho DA (1991) 
Modifcation of the coding sequence enhances plant expression of 
insect control protein genes. Proc Natl Acad Sci USA 88:3324–
3328. https ://doi.org/10.1073/pnas.88.8.3324

Perotti MF, Ribone PA, Chan RL (2017) Plant transcription factors 
from the homeodomain-leucine zipper family I. Role in develop-
ment and stress responses. IUBMB Life 69:280–289. https ://doi.
org/10.1002/iub.1619

Rahman M, Hussain K, Khan MA, Bakhsh A, Rao AQ (2012) An 
insight of cotton leaf curl virus: a devastating plant pathogenic 
begomovirus. Pure Appl Bio 1:52–58. https ://doi.org/10.19045 
/bspab .2012.13001 

Ramachandran S, Buntin GD, All JN, Tabashnik BE, Raymer PL, 
Adang MJ, Pulliam DA, Stewart CN Jr (1998) Survival, devel-
opment, and oviposition of resistant diamondback moth (Lepi-
doptera: Plutellidae) on transgenic canola producing a Bacillus 
thuringiensis toxin. J Econ Entomol 91:1239–1244. https ://doi.
org/10.1093/jee/91.6.1239

Rascón-Cruz Q, Sinagawa-García S, Osuna-Castro JA, Bohorova N, 
ParedesLopez O (2004) Accumulation, assembly, and digest-
ibility of amarantin expressed in transgenic tropical maize. 
Theor Appl Genet 108:335–342. https ://doi.org/10.1007/s0012 
2-003-1430-x

Rasmussen S, Barah P, Suarez-Rodriguez MC, Bressendorff S, Friis 
P, Costantino P, Bones AM, Nielsen HB, Mundy J (2013) 
Transcriptome responses to combinations of stresses in Arabi-
dopsis. Plant Physiol 161:1783–1794. https ://doi.org/10.1104/
pp.112.21077 3

Ravelonandro M, Scorza R, Bachelier JC, Labonne G, Levy L, Dam-
steegt V, Callahan AM, Dunez J (1997) Resistance of trans-
genic Prunus domestica to Plum pox virus infection. Plant Dis 
81:1231–1235. https ://doi.org/10.1094/pdis.1997.81.11.1231

Ran FA, Hsu PD, Lin CY, Gootenberg JS, Konermann S, Trevino 
AE, Scott DA, Inoue A, Matoba S, Zhang Y, Zhang F (2013) 
Double nicking by RNA-guided CRISPR Cas9 for enhanced 
genome editing specificity. Cell 154(6):1380–1389. https ://doi.
org/10.1016/j.cell.2013.08.021

Raza A, Razzaq A, Mehmood SS, Zou X, Zhang X, Lv Y, Xu J (2019) 
Impact of climate change on crops adaptation and strategies to 
tackle its outcome: a review. Plants 8:34. https ://doi.org/10.3390/
plant s8020 034

Rensburg JBJ (2007) First report of field resistance by the stem borer, 
Busseola fusca (Fuller) to Bt-transgenic maize. S Afr J Plant Soil 
27:147–151. https ://doi.org/10.1080/02571 862.2007.10634 798

Rizhsky L, Liang H, Shuman J, Shulaev V, Davletova S, Mittler R 
(2004) When defense pathways collide. The response of Arabi-
dopsis to a combination of drought and heat stress. Plant Physiol 
134:1683–1696. https ://doi.org/10.1104/pp.103.03343 1

Rommens CM, Haring MA, Swords K, Davies HV (2007) The intra-
genic approach as a new extension to traditional plant breeding. 
Trends Plant Sci 12:397–403. https ://doi.org/10.1016/j.tplan 
ts.2007.08.001

Ruiz-Lopez N, Haslam RP, Napier JA, Sayanova O (2014) Successful 
high-level accumulation of fish oil omega-3 long-chain polyun-
saturated fatty acids in a transgenic oilseed crop. Plant J 77:198–
208. https ://doi.org/10.1111/tpj.12378 

Sander JD, Dahlborg EJ, Goodwin MJ, Cade L, Zhang F, Cifuentes 
D, Curtin SJ, Blackburn JS, Thibodeau-Beganny S, Qi Y et al 
(2011) Selection-free zinc-finger-nuclease engineering by con-
text-dependent assembly (CoDA). Nat Methods 8:67–69. https 
://doi.org/10.1038/nmeth .1542

Sanyal I, Singh AK, Kaushik M, Amla DV (2005) Agrobacterium 
mediated transformation of chickpea (Cicer arietinum L.) with 
Bacillus thuringiensis cry1Ac gene for resistance against pod 
borer insect Helicoverpa armigera. Plant Sci 168:1135–1146. 
https ://doi.org/10.1016/j.plant sci.2004.12.015

https://www.bfn.de/fileadmin/MDB/documents/service/skript217.pdf
https://www.bfn.de/fileadmin/MDB/documents/service/skript217.pdf
https://doi.org/10.1038/nbt1319
https://doi.org/10.1038/nbt1319
https://doi.org/10.1038/nbt.1755
https://doi.org/10.1038/nbt1010-1012
https://doi.org/10.1038/nbt1010-1012
https://doi.org/10.1093/pcp/pcw049
https://doi.org/10.1111/pbi.13232
https://doi.org/10.1111/pbi.12671
https://doi.org/10.1126/science.222.4623.476
https://doi.org/10.1126/science.222.4623.476
https://doi.org/10.1038/nbt934
https://doi.org/10.1038/s41587-019-0267-z
https://doi.org/10.5772/64351
https://www.intechopen.com/books/plant-genomics/advances-in-plant-tolerance-to-biotic-stresses
https://www.intechopen.com/books/plant-genomics/advances-in-plant-tolerance-to-biotic-stresses
https://www.intechopen.com/books/plant-genomics/advances-in-plant-tolerance-to-biotic-stresses
https://doi.org/10.1073/pnas.1000234107
https://doi.org/10.1073/pnas.1000234107
https://doi.org/10.1038/srep26685
https://doi.org/10.2135/cropsci1995.0011183x003500050032x
https://doi.org/10.2135/cropsci1995.0011183x003500050032x
https://doi.org/10.1038/nbt1082
https://doi.org/10.1007/bf02632204
https://doi.org/10.1073/pnas.88.8.3324
https://doi.org/10.1002/iub.1619
https://doi.org/10.1002/iub.1619
https://doi.org/10.19045/bspab.2012.13001
https://doi.org/10.19045/bspab.2012.13001
https://doi.org/10.1093/jee/91.6.1239
https://doi.org/10.1093/jee/91.6.1239
https://doi.org/10.1007/s00122-003-1430-x
https://doi.org/10.1007/s00122-003-1430-x
https://doi.org/10.1104/pp.112.210773
https://doi.org/10.1104/pp.112.210773
https://doi.org/10.1094/pdis.1997.81.11.1231
https://doi.org/10.1016/j.cell.2013.08.021
https://doi.org/10.1016/j.cell.2013.08.021
https://doi.org/10.3390/plants8020034
https://doi.org/10.3390/plants8020034
https://doi.org/10.1080/02571862.2007.10634798
https://doi.org/10.1104/pp.103.033431
https://doi.org/10.1016/j.tplants.2007.08.001
https://doi.org/10.1016/j.tplants.2007.08.001
https://doi.org/10.1111/tpj.12378
https://doi.org/10.1038/nmeth.1542
https://doi.org/10.1038/nmeth.1542
https://doi.org/10.1016/j.plantsci.2004.12.015


 Planta          (2020) 251:91 

1 3

   91  Page 26 of 27

Sauer H, Wild A, Ruhle W (1987) The effect of phosphinothricin (glu-
fosinate) on photosynthesis II. The cause of inhibition of photo-
synthesis. Zeitschrift für Naturforschung C 42:270–278. https ://
doi.org/10.1515/znc-1987-0317

Sauer NJ, Mozoruk J, Miller RB, Warburg ZJ, Walker KA, Beetham 
PR et al (2016) Oligonucleotide-directed mutagenesis for preci-
sion gene editing. Plant Biotechnol J 14:496–502. https ://doi.
org/10.1111/pbi.12496 

Schiml S, Fauser F, Puchta H (2014) The CRISPR/Cas system can 
be used as nuclease for in planta gene targeting and as paired 
nickases for directed mutagenesis in Arabidopsis resulting in her-
itable progeny. Plant J 80:1139–1150. https ://doi.org/10.1111/
tpj.12704 

Schouten HJ, Krens FA, Jacobsen E (2006) Cisgenic plants are similar 
to traditionally bred plants. EMBO Rep 7:750–753. https ://doi.
org/10.1038/sj.embor .74007 69

Sears MK, Hellmich RL, Stanley-Horn DE, Oberhauser KS, Pleas-
ants JM, Mattila HR, Siegfried BD, Dively GP (2001) Impact of 
Bt corn pollen on monarch butterfly populations: a risk assess-
ment. Proc Natl Acad Sci USA 98:11937–11942. https ://doi.
org/10.1073/pnas.21132 9998

Seralini GE, Clair E, Mesnage R, Gress S, Defarge N, Malatesta 
M, Hennequin D, de Vendômois JS (2012) Long term toxic-
ity of a Roundup herbicide and a Roundup-tolerant genetically 
modified maize. Food Chem Toxicol 50:4221–4231. https ://doi.
org/10.1016/j.fct.2013.11.047

Seralini GE, Clair E, Mesnage R, Gress S, Defarge N, Malatesta M, 
Hennequin D, de Vendômois JS (2014) Republished study: long-
term toxicity of a Roundup herbicide and a Roundup-tolerant 
genetically modified maize. Environ Sci Eur 26:14. https ://doi.
org/10.1186/s1230 2-014-0014-5

Shan Q, Zhang Y, Chen K, Zhang K, Gao C (2015) Creation of fra-
grant rice by targeted knockout of the OsBADH2 gene using 
TALEN technology. Plant Biotechnol J 13:791–800. https ://doi.
org/10.1111/pbi.12312 

Shen L, Hua Y, Fu Y, Li J, Liu Q, Jiao X et al (2017) Rapid generation 
of genetic diversity by multiplex CRISPR/Cas9 genome editing 
in rice. Sci China Life Sci 60:506–515. https ://doi.org/10.1007/
s1142 7-017-9008-8

Shen L, Wang C, Fu Y, Wang J, Liu Q, Zhang X et al (2018) QTL edit-
ing confers opposing yield performance in different rice varieties. 
J Integr Plant Biol 60:89–93. https ://doi.org/10.1111/jipb.12501 

Sherkow JS (2018) The CRISPR patent landscape: past, present and 
future. CRISPR J 1:5–9. https ://doi.org/10.1089/crisp r.2017.0013

Shukla VK, Doyon Y, Miller JC, DeKelver RC, Moehle EA, Worden 
SE, Mitchell JC, Arnold NL, Gopalan S, Meng X, Choi VM, 
Rock JM, Wu YY, Katibah GE, Zhifang G, McCaskill D, Simp-
son MA, Blakeslee B, Greenwalt SA, Butler HJ, Hinkley SJ, 
Zhang L, Rebar EJ, Gregory PD, Urnov FD (2009) Precise 
genome modification in the crop species Zea mays using zinc-
finger nucleases. Nature 459:437–441. https ://doi.org/10.1038/
natur e0799 2

Sindhu AS, Zheng ZW, Murai N (1997) The pea seed storage protein 
legumin was synthesized, processed and accumulated stably in 
transgenic rice endosperm. Plant Sci 130:189–196. https ://doi.
org/10.1016/S0168 -9452(97)00219 -7

Singh M, Kumar J, Singh S, Singh VP, Prasad SM (2015) Roles of 
osmoprotectants in improving salinity and drought tolerance in 
plants: A review. Rev Environ Sci Biotechnol 14:407–426. https 
://doi.org/10.1007/s1115 7-015-9372-8

Smart RD, Blum M, Wesseler J (2017) Trends in approval times 
for genetically engineered crops in the United States and the 
European Union. J Agricul Econ 68:182–198. https ://doi.
org/10.1111/1477-9552.12171 

Songstad DD, Petolino JF, Voytas DF, Reichert NA (2017) Genome 
Editing of Plants. Crit Rev Plant Sci 36:1–23. https ://doi.
org/10.1080/07352 689.2017.12816 63

Stewart CN Jr, Adang MJ, All JA, Raymer PL, Ramachandran S, Par-
rott WA (1996) Insect control and dosage effects in transgenic 
canola containing a synthetic Bacillus thuringiensis cryIAC gene. 
Plant Physiol 112:115–120. https ://doi.org/10.1104/pp.112.1.115

St-Onge M, Jones P (2003) Greater rise in fat oxidation with medium-
chain triglyceride consumption relative to long-chain triglyceride 
is associated with lower initial body weight and greater loss of 
subcutaneous adipose tissue. Int J Obes 27:1565–1571. https ://
doi.org/10.1038/sj.ijo.08024 67

Stöger E, Parker M, Christou P, Casey R (2001) Pea legumin over-
expressed in wheat endosperm assembles into an ordered para 
Crystalline matrix. Plant Physiol 125:1732–1742. https ://doi.
org/10.1104/pp.125.4.1732

Storer NP, Babcock JM, Schlenz M, Meade T, Thompson GD, Bing 
JW, Huckaba RM (2010) Discovery and characterization of field 
resistance to Bt maize: Spodoptera frugiperda (Lepidoptera: 
Noctuidae) in Puerto Rico. J Econ Entomol 103:1031–1038. 
https ://doi.org/10.1603/ec100 40

Suzie K, Ma JKC, Drake PMW (2008) Genetically modified plants 
and human health. J R Soc Med 101:290–298. https ://doi.
org/10.1258/jrsm.2008.07037 2

Suzuki N, Rivero RM, Shulaev V, Blumwald E, Mittler R (2014) Abi-
otic and biotic stress combinations. New Phytol 203:32–43. https 
://doi.org/10.1111/nph.12797 

Swarts DC, Jinek M (2018) Cas9 versus Cas12a/Cpf1: Structure–func-
tion comparisons and implications for genome editing. Wiley 
Interdiscip Rev RNA 9:e1481. https ://doi.org/10.1002/wrna.1481

Tabashnik BE, Gassman AJ, Crowder DW, Carriere Y (2008) Insect 
resistance to Bt crops: evidence versus theory. Nat Biotechnol 
26:199–202. https ://doi.org/10.1038/nbt13 82

Tabashnik BE, Finson N, Johnson MW, Moar WJ (1993) Resistance 
to toxins from Bacillus thuringiensis subsp. kurstaki causes 
minimal cross-resistance to B. thuringiensis subsp. aizawai in 
diamondback moth (Lepidoptera: Plutellidae). Appl Environ 
Microbiol 59:1332–1335. https ://aem.asm.org/conte nt/59/5/1332

Tabashnik BE, Carrière Y (2010) Field-evolved resistance to Bt cot-
ton: Bollworm in the US and pink bollworm in India. Southwest 
Entomologist 35:417–424. https ://doi.org/10.3958/059.035.0326

Tabashnik BE, Brévault T, Carrière Y (2013) Insect resistance to Bt 
crops: lessons from the first billion acres. Nat Biotechnol 31:510–
521. https ://doi.org/10.1038/nbt.2597

Tachibana K, Watanabe T, Sekizawa Y, Takematsu T (1986) Action 
mechanism of bialaphos 2. Accumulation of ammonia in 
plants treated with bialaphos. J Pestic Sci 1:33–37. https ://doi.
org/10.1584/jpest ics.11.33

Takabe T, Nakamura T, Nomura M, Hayashi Y, Ishitani M, Muramoto 
Y, Tanaka A, Takabe T (1998) 8-Glycinebetaine and the genetic 
engineering of salinity tolerance in plants. Stress responses of 
photosynthetic organisms. Elsevier Science, Amsterdam, pp 
115–131. https ://doi.org/10.1016/b978-0-444-82884 -2.50011 -x

Thomas PE, Lawson EC, Zalewski JC, Reed GL, Kaniewski WK 
(2000) Extreme resistance to Potato leafroll virus in potato cv. 
Russet Burbank mediated by the viral replicase gene. Virus Res 
71:49–62. https ://doi.org/10.1016/s0168 -1702(00)00187 -8

Tohidfar M, Zare N, Jouzani GS, Efekhari SM (2013) Agrobacterium 
mediated transformation of alfalfa (Medicago sativa) using a syn-
thetic cry3a gene to enhance resistance against alfalfa weevil. 
Plant Cell Tiss Org 113:227–235. https ://doi.org/10.1007/s1124 
0-012-0262-2

Tricoli DM, Carney KJ, Russell PF, McMaster JR, Groff DW et al 
(1995) Field evaluation of transgenic squash containing single 
or multiple virus coat protein gene constructs for resistance to 

https://doi.org/10.1515/znc-1987-0317
https://doi.org/10.1515/znc-1987-0317
https://doi.org/10.1111/pbi.12496
https://doi.org/10.1111/pbi.12496
https://doi.org/10.1111/tpj.12704
https://doi.org/10.1111/tpj.12704
https://doi.org/10.1038/sj.embor.7400769
https://doi.org/10.1038/sj.embor.7400769
https://doi.org/10.1073/pnas.211329998
https://doi.org/10.1073/pnas.211329998
https://doi.org/10.1016/j.fct.2013.11.047
https://doi.org/10.1016/j.fct.2013.11.047
https://doi.org/10.1186/s12302-014-0014-5
https://doi.org/10.1186/s12302-014-0014-5
https://doi.org/10.1111/pbi.12312
https://doi.org/10.1111/pbi.12312
https://doi.org/10.1007/s11427-017-9008-8
https://doi.org/10.1007/s11427-017-9008-8
https://doi.org/10.1111/jipb.12501
https://doi.org/10.1089/crispr.2017.0013
https://doi.org/10.1038/nature07992
https://doi.org/10.1038/nature07992
https://doi.org/10.1016/S0168-9452(97)00219-7
https://doi.org/10.1016/S0168-9452(97)00219-7
https://doi.org/10.1007/s11157-015-9372-8
https://doi.org/10.1007/s11157-015-9372-8
https://doi.org/10.1111/1477-9552.12171
https://doi.org/10.1111/1477-9552.12171
https://doi.org/10.1080/07352689.2017.1281663
https://doi.org/10.1080/07352689.2017.1281663
https://doi.org/10.1104/pp.112.1.115
https://doi.org/10.1038/sj.ijo.0802467
https://doi.org/10.1038/sj.ijo.0802467
https://doi.org/10.1104/pp.125.4.1732
https://doi.org/10.1104/pp.125.4.1732
https://doi.org/10.1603/ec10040
https://doi.org/10.1258/jrsm.2008.070372
https://doi.org/10.1258/jrsm.2008.070372
https://doi.org/10.1111/nph.12797
https://doi.org/10.1111/nph.12797
https://doi.org/10.1002/wrna.1481
https://doi.org/10.1038/nbt1382
https://aem.asm.org/content/59/5/1332
https://doi.org/10.3958/059.035.0326
https://doi.org/10.1038/nbt.2597
https://doi.org/10.1584/jpestics.11.33
https://doi.org/10.1584/jpestics.11.33
https://doi.org/10.1016/b978-0-444-82884-2.50011-x
https://doi.org/10.1016/s0168-1702(00)00187-8
https://doi.org/10.1007/s11240-012-0262-2
https://doi.org/10.1007/s11240-012-0262-2


Planta          (2020) 251:91  

1 3

Page 27 of 27    91 

cucumber mosaic virus, watermelon mosaic virus 2 and zucchini 
yellow mosaic virus. Nat Biotechnol 13:1458–1465. https ://doi.
org/10.1038/nbt12 95-1458

Tsai SQ, Wyvekens N, Khayter C, Foden JA, Thapar V, Reyon D, Good-
win MJ, Aryee MJ, Joung JK (2014) Dimeric CRISPR RNA-
guided FokI nucleases for highly specific genome editing. Nat 
Biotechnol 32:569–576. https ://doi.org/10.1038/nbt.2908

Tsatsakis AM, Nawaz MA, Kouretas D, Balias G, Savolainen K, Tutelyan 
VA, Golokhvast KS, Lee JD, Yang SH, Chung G (2017) Envi-
ronmental impacts of genetically modified plants: a review. Food 
Chem Toxicol 156:818–833. https ://doi.org/10.1016/j.envre 
s.2017.03.011

Tuteja N, Gill SS (2014) Climate change and plant abiotic stress tolerance. 
Wiley-Blackwell, Amsterdam p 1208. ISBN: 978-3-527-33491-9. 
https ://www.wiley .com/en-us/Clima te+Chang e+and+Plant +Abiot 
ic+Stres s+Toler ance-p-97835 27334 919

Tuteja N, Verma S, Sahoo R, Raveendar S, Reddy I (2012) Recent 
advances in development of marker free transgenic plants: regu-
lation and biosafety concern. J Biosci 37:167–197. https ://doi.
org/10.1007/s1203 8-012-9187-5

US EPA (2017) Starlink™ corn regulatory information. Pesticides. US 
EPA. https ://www3.epa.gov/pesti cides /chem_searc h/reg_actio ns/
pip/starl ink_corn.htm#propo sal

USDA APHIS (2020) https ://www.aphis .usda.gov/aphis /ourfo cus/biote 
chnol ogy/am-i-regul ated

Usher S, Han L, Haslam RP, Michaelson LV, Sturtevant D, Aziz M, 
Chapman KD, Sayanova O, Napier JA (2017) Tailoring seed oil 
composition in the real world: optimising omega-3 long chain poly-
unsaturated fatty acid accumulation in transgenic Camelina sativa. 
Sci Rep 7:6570. https ://doi.org/10.1038/s4159 8-017-06838 -0

Vanblaere T, Szankowski I, Schaart J, Schouten H, Flachowsky H, Brog-
gini GA, Gessler C (2011) The development of a cisgenic apple 
plant. J Biotechnol 154:304–311. https ://doi.org/10.1016/j.jbiot 
ec.2011.05.013

Vaughn T, Cavato T, Brar G, Coombe T, DeGooyer T, Ford S, Groth M, 
Howe A, Johnson S, Kolacz K et al (2005) A method of control-
ling corn rootworm feeding using a Bacillus thuringiensis protein 
expressed in transgenic maize. Crop Sci 45:931–938. https ://doi.
org/10.2135/crops ci200 4.0304

Vauterin M, Frankard V, Jacobs M (2000) Functional rescue of a bacte-
rial dapA auxotroph with a plant cDNA library selects for mutant 
clones encoding a feedback-insensitive dihydrodipicolinate 
synthase. Plant J 21:239–248. https ://doi.org/10.1046/j.1365-
313x.2000.00668 .x

Veillet F, Perrot L, Chauvin L, Kermarrec MP, Guyon-Debast A, Chauvin 
JE, Nogue F, Mazier M (2019) Transgene-free genome editing in 
tomato and potato plants using agrobacterium-mediated delivery 
of a CRISPR/Cas9 cytidine base editor. Int J Mol Sci 20:402. https 
://doi.org/10.3390/ijms2 00204 02

Wang B, Zhu L, Zhao B, Zhao Y, Xie Y, Zheng Z, Li Y, Sun J, Wang H 
(2019) Development of a haploid-inducer mediated genome edit-
ing (IMGE) system for accelerating maize breeding. Mol Plant 
12:597–602. https ://doi.org/10.1016/j.molp.2019.03.006

Wang Y, Cheng X, Shan Q, Zhang Y, Liu J, Gao C et al (2014) Simul-
taneous editing of three homoeoalleles in hexaploid bread wheat 
confers heritable resistance to powdery mildew. Nat Biotechnol 
32:947–951. https ://doi.org/10.1038/nbt.2969

Waltz E (2014) Beating the heat. Nat Biotechnol 32:610–613. https ://doi.
org/10.1038/nbt.2948

Waltz E (2015) USDA approves next-generation GM potato. Nat Biotech-
nol 33:12–13. https ://doi.org/10.1038/nbt01 15-12

Waltz E (2016) CRISPR-edited crops free to enter market, skip regula-
tion. Nat Biotechnol 34:582. https ://doi.org/10.1038/nbt06 16-582

Waltz E (2018) With a free pass, CRISPR-edited plants reach market in 
record time. Nat Biotechnol 36:6–7. https ://doi.org/10.1038/nbt01 
18-6b

Waltz E (2019) Appetite grows for biotech foods with health benefits. 
Nat Biotechnol 37:573–580. https ://doi.org/10.1038/d4158 7-019-
00012 -9

Watrud LS, Lee EH, Fairbrother A, Burdick C, Reichman JR, Bollman M, 
Storm M, King G, van de Water PK (2004) Evidence for landscape-
level, pollen-mediated gene flow from genetically modified creep-
ing bentgrass with CP4 EPSPS as a marker. Proc Natl Acad Sci 
USA 101:14533–14538. https ://doi.org/10.1073/pnas.04051 54101 

Whelan AI, Lema MA (2015) Regulatory framework for gene editing and 
other new breeding techniques (NBTs) in Argentina. GM Crops 
Food 6:253–265. https ://doi.org/10.1080/21645 698.2015.11146 98

WHO (2008) Interim summary of conclusions and dietary recommenda-
tions on total fat and fatty acids, from the Joint FAO/WHO Expert 
Consultation on fats and fatty acids in human nutrition. 10–14 
November 2008, WHO: Geneva. https ://www.who.int/nutri tion/
topic s/FFA_summa ry_rec_concl usion .pdf

WHO (2009) Global prevalence of vitamin A deficiency in populations 
at risk 1995–2005. WHO global database on vitamin A deficiency. 
Geneva, World Health Organization. https ://www.who.int/nutri tion/
publi catio ns/micro nutri ents/vitam in_a_defic iency /97892 41598 
019/en/

Wolt JD, Wang K, Yang B (2016) The regulatory status of genome-edited 
crops. Plant Biotechnol J 14:510–518. https ://doi.org/10.1111/
pbi.12444 

Wunn J, Kloti A, Burkhardt PK, Biswas GCG, Launis K, Iglesias VA, 
Potrykus I (1996) Transgenic Indica rice breeding line IR58 
expressing a synthetic cryIA(b) gene from Bacillus thuringiensis 
provides effective insect pest control. BioTechnol 14:171–176. https 
://doi.org/10.1038/nbt02 96-171

Yamamoto T, McLaughlin RE (1981) Isolation of a protein from the 
parasporal crystal of Bacillus thuringiensis var. kurstaki toxic to the 
mosquito larva Aedes taeniorhynchus. Biochem Biophys Res Com-
mun 103:414–421. https ://doi.org/10.1016/0006-291x(81)90468 -x

Yan F, Zhang WW, Xiao H, Li SF, Cheng ZM (2007) Transgenic wheat 
expressing virus-derived hairpin RNA is resistant to Barley yellow 
dwarf virus. Yi Chuan 29:97–102. https ://doi.org/10.1360/yc-007-
0097. https ://www.ncbi.nlm.nih.gov/pubme d/17284 432

Yan S, Zhu J, Zhu W, Li Z, Shelton AM, Luo J, Cui J, Zhang Q, Liu X 
(2015) Pollen-mediated gene flow from transgenic cotton under 
greenhouse conditions is dependent on different pollinators. Sci 
Rep 5:15917. https ://doi.org/10.1038/srep1 5917

Yang RC, Xu HL, Yu WG, Lu CG, Long MS, Liu CQ, Pan NS, Chen ZL 
(1995) Transgenic tomato plants expressing cucumber mosaic virus 
coat protein (CMV-cp) and their resistance to cucumber mosaic 
virus (CMV). Acta Agric Jiangsu 11:42–46

Ye X, Al-Babili S, Klöti A, Zhang J, Lucca P, Beyer P, Potrykus I (2000) 
Engineering the provitamin A (beta-carotene) biosynthetic pathway 
into (carotenoid-free) rice endosperm. Science 287:303–305. https 
://doi.org/10.1126/scien ce.287.5451.303

Zhang C, Wohlhueter R, Zhang H (2016) Genetically modified foods: 
a critical review of their promise and problems. Food Sci Hum 
Wellness 5:116–123. https ://doi.org/10.1016/j.fshw.2016.04.002

Zhou J, Xin X, He Y, Chen H, Li Q, Tang X et al (2018) Multiplex 
QTL editing of grain-related genes improves yield in elite rice 
varieties. Plant Cell Rep 38:475–485. https ://doi.org/10.1007/
s0029 9-018-2340-3

Zhu YX, Ou-Yang WJ, Zhang YF, Chen ZL (1996) Transgenic sweet 
pepper plants from Agrobacterium mediated transformation. Plant 
Cell Rep 16:71–75. https ://doi.org/10.1007/s0029 90050 179

Zong Y, Wang Y, Li C, Zhang R, Chen K, Ran Y, Qiu JL, Wang D, 
Gao C (2017) Precise base editing in rice, wheat and maize with a 
Cas9–cytidine deaminase fusion. Nat Biotechnol 35:438–440. https 
://doi.org/10.1038/nbt.3811

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

https://doi.org/10.1038/nbt1295-1458
https://doi.org/10.1038/nbt1295-1458
https://doi.org/10.1038/nbt.2908
https://doi.org/10.1016/j.envres.2017.03.011
https://doi.org/10.1016/j.envres.2017.03.011
https://www.wiley.com/en-us/Climate+Change+and+Plant+Abiotic+Stress+Tolerance-p-9783527334919
https://www.wiley.com/en-us/Climate+Change+and+Plant+Abiotic+Stress+Tolerance-p-9783527334919
https://doi.org/10.1007/s12038-012-9187-5
https://doi.org/10.1007/s12038-012-9187-5
https://www3.epa.gov/pesticides/chem_search/reg_actions/pip/starlink_corn.htm#proposal
https://www3.epa.gov/pesticides/chem_search/reg_actions/pip/starlink_corn.htm#proposal
https://www.aphis.usda.gov/aphis/ourfocus/biotechnology/am-i-regulated
https://www.aphis.usda.gov/aphis/ourfocus/biotechnology/am-i-regulated
https://doi.org/10.1038/s41598-017-06838-0
https://doi.org/10.1016/j.jbiotec.2011.05.013
https://doi.org/10.1016/j.jbiotec.2011.05.013
https://doi.org/10.2135/cropsci2004.0304
https://doi.org/10.2135/cropsci2004.0304
https://doi.org/10.1046/j.1365-313x.2000.00668.x
https://doi.org/10.1046/j.1365-313x.2000.00668.x
https://doi.org/10.3390/ijms20020402
https://doi.org/10.3390/ijms20020402
https://doi.org/10.1016/j.molp.2019.03.006
https://doi.org/10.1038/nbt.2969
https://doi.org/10.1038/nbt.2948
https://doi.org/10.1038/nbt.2948
https://doi.org/10.1038/nbt0115-12
https://doi.org/10.1038/nbt0616-582
https://doi.org/10.1038/nbt0118-6b
https://doi.org/10.1038/nbt0118-6b
https://doi.org/10.1038/d41587-019-00012-9
https://doi.org/10.1038/d41587-019-00012-9
https://doi.org/10.1073/pnas.0405154101
https://doi.org/10.1080/21645698.2015.1114698
http://www.who.int/nutrition/topics/FFA_summary_rec_conclusion.pdf
http://www.who.int/nutrition/topics/FFA_summary_rec_conclusion.pdf
https://www.who.int/nutrition/publications/micronutrients/vitamin_a_deficiency/9789241598019/en/
https://www.who.int/nutrition/publications/micronutrients/vitamin_a_deficiency/9789241598019/en/
https://www.who.int/nutrition/publications/micronutrients/vitamin_a_deficiency/9789241598019/en/
https://doi.org/10.1111/pbi.12444
https://doi.org/10.1111/pbi.12444
https://doi.org/10.1038/nbt0296-171
https://doi.org/10.1038/nbt0296-171
https://doi.org/10.1016/0006-291x(81)90468-x
https://doi.org/10.1360/yc-007-0097
https://doi.org/10.1360/yc-007-0097
https://www.ncbi.nlm.nih.gov/pubmed/17284432
https://doi.org/10.1038/srep15917
https://doi.org/10.1126/science.287.5451.303
https://doi.org/10.1126/science.287.5451.303
https://doi.org/10.1016/j.fshw.2016.04.002
https://doi.org/10.1007/s00299-018-2340-3
https://doi.org/10.1007/s00299-018-2340-3
https://doi.org/10.1007/s002990050179
https://doi.org/10.1038/nbt.3811
https://doi.org/10.1038/nbt.3811

	Genetically modified crops: current status and future prospects
	Abstract
	Main conclusion 
	Abstract 

	Introduction
	Herbicide-tolerant transgenic crops
	Insect-resistant transgenic crops
	Abiotic stress-tolerant transgenic crops
	Disease-resistant transgenic crops
	Nutritionally improved transgenic crops
	Provitamin A biofortified rice
	Modified oilfatty acid
	Essential Amino Acids

	Concerns associated with the transgenic crops
	Biosafety issues related to transgenic crops
	Resistance breakdown
	Adverse effects on non-target organisms
	Cost for commercialization
	Oligopoly of multinational companies

	Beyond traditional transgenic technology: alternative technologies for generating improved crop plants
	Cisgenesis and intragenesis
	Genome editing


	Conclusion
	Acknowledgements 
	References




