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Abstract Implementation of crop improvement programs 

relies on genetic diversity. To overcome the limited occurrence 

of natural mutations, researchers and breeders applied diverse 

methods, ranging from conventional crossing to classical bio-

technologies. Earlier generations of knockout and gain-of- 

function technologies often result in incomplete gene disruption 

or random insertions of transgenes into plant genomes. The 

newly developed editing tool, CRISPR/Cas9 system, not only 

provides a powerful platform to efficiently modify target traits, 

but also broadens the scope and prospects of genome editing. 

Customized Cas9/guide RNA (gRNA) systems suitable for 

efficient genomic modification of mammalian cells or plants 

have been reported. Following successful demonstration of 

this technology in mammalian cells, CRISPR/Cas9 was suc-

cessfully adapted in plants, and accumulating evidence of its 

feasibility has been reported in model plants and major crops. 

Recently, a modified version of CRISPR/Cas9 with added 

novel functions has been developed that enables programmable 

direct irreversible conversion of a target DNA base. In this 

review, we summarized the milestone applications of CRISPR/ 

Cas9 in plants with a focus on major crops. We also present the 

implications of an improved version of this technology in the 

current plant breeding programs.

Keywords Base targeting, CRISPR/Cas9, Genome editing, 

Crop improvement

Introduction

Recent advances in genome engineering technologies offer 

tremendous opportunities to accelerate crop functional geno-

mics studies in a bid to provide robust data for crop im-

provement. Application of nucleases as editing tool has 

come a long way in modifying genomes not only with 

model organisms but even those with genetically challenging 

components. To date, CRISPR/Cas9 system, has emerged 

as the most effective genome editing tool overcoming the 

limitations faced by earlier technologies such as the limited 

choice of targets with ZFN due to context-dependent 

effects between individual finger domains in an array 

(Wolfe et al. 2000; Sanders and Joung 2014) and the 

delivery issues with TALEN for certain viral vectors (Holkers 

et al. 2013; Sanders and Joung 2014). Unlike the predecessor 

zinc finger nuclease (ZFN) and TAL effector nuclease 

(TALEN), which involve dimerizing fusion proteins including 

the DNA binding domains of ZF and TAL and cleavage 

domains of FokI endonuclease, Cas9/gRNA is a ribonucle-

oprotein active on target DNA (Char et al. 2017). This 

technology has been widely adopted to study important 

genes in the cell of mice (Mashiko et al. 2014), monkeys 

(Niu et al. 2014), and other organisms, including bacteria 

(Fabre et al. 2014), yeast (DiCarlo et al. 2013), zebrafish 

(Hwang et al. 2013), Drosophila (Gratz et al. 2014), rabbits 

(Yang et al. 2014), pigs (Hai et al. 2014), rats (Ma et al. 

2014), human (Mali et al. 2013), and plants (Mali et al. 

2013). In biomedical field, significant applications have 

already been achieved including correcting human genetic 

disorder, treatment of the acquired immune deficiency syn-

drome (AIDS) or promoting anti-tumor immunotherapy, 

and genetic manipulation of domesticated animals for pro-

duction of biologic medical materials among others (Cai et 

al. 2016). While CRISPR/Cas9 application is expected to 

fast track molecular breeding without retention of transgene 

components in the plant product, it also faces a number 

of hurdles obstracting its maximum potential use especially 
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in crops with large, polyploid genomes (Cram et al. 2017). 

This was dealt by developing powerful complementary 

bioinformatics tools that would facilitate full implementation 

of CRISPR/Cas9 technology in plant genetic engineering. 

Nevertheless, this technology has been successfully applied 

in several plant systems, in fact quite a number of reports 

have been published since its discovery. As this technique 

rapidly evolves, its application is constantly expanding 

which can be adapted to spur plant breeding for certain 

traits that are too challenging using conventional techniques. 

Principle of CRISPR/Cas9 and creating variation

Genome editing technologies have been developed to induce 

site-specific DNA cleavage. The site-specific nucleases 

(SSNs) can induce double-strand break (DSB) specifically 

in targeted loci of genomic DNA for genetic improvement 

in any organisms (Jinek et al. 2012; Cong et al. 2013; Mali 

et al. 2013). The SSNs system can be classified mainly 

into three classes, which are zinc finger nucleases (ZFNs) 

(Kim et al. 1996), transcriptional activator-like effector 

nucleases (TALENs) (Christian et al. 2010), and the CRISPR/ 

Cas9 nuclease system from Streptococcus pyogenes (Jinek 

et al. 2012). Among them, the CRISPR/Cas9 system is 

originated from the immune response system of bacteria 

which protect themselves by cleaving the DNA of invading 

viruses (Bortesi and Fischer 2015). To create variation by 

gene cleavages, Cas9 nuclease and single guide RNA (sgRNA) 

complex recognizes the protospacer-adjacent motif (PAM), 

which is 5’-NGG-3’ in the target site and binds a specific 

genomic location guided by a short sequence (20 bp) in 

sgRNA, and then Cas9 cleaves target DNA at 3 bp upstream 

of the PAM (Jinek et al. 2012). The PAM sequence plays 

an important role in binding and breaking to the target 

DNA (Sternberg et al. 2014). The CRISPR/Cas system 

repairs targeted DNA location very specifically by either 

via the non-homologous end joining (NHEJ) DNA repair 

pathway (Rouet et al. 1994) or the homology directed repair 

(HDR) (Bibikova et al. 2002) pathway with cellular DNA 

repair mechanisms (Abdallah et al. 2015; Luo et al. 2017). 

DSB repair through the NHEJ can generate gene knock-outs 

via small insertions or deletions conferring loss-of-function 

at the repair positions, while HDR can lead to gene knock-ins 

as precise sequence alterations for gene replacement 

conferring gain-of-function (Altpeter et al. 2017; Puchta and 

Fauser 2014; Voytas and Gao 2014) (Fig. 1). In plants, most 

of the reported gene editing events was mediated by NHEJ 

repair mechanism to generate mutations and gene knock-outs. 

However, gene replacement rather than gene inactivation 

will greatly facilitate and improve plant breeding by allowing 

the introduction of precise point mutations or enabling new 

functions. HDR-based repair generated by CRISPR/Cas9 

potentially can provide a feasible approach to achieve gene 

replacement but currently suffers from very low efficiencies 

(Lowder et al. 2016; Sun 2017). 

Milestones of CRISPR/Cas9 in crop biotechnology 

Different Cas9/gRNA systems have been tailored for effective 

genomic alterations in both prokaryotes and eukaryotes 

(Char et al. 2017). Following successful demonstration in 

mammalian cells, this technology has been adapted in some 

plant species, and accumulating evidences of its feasibility 

have been reported in rice (Feng et al. 2013; Jiang et al. 

2013; Shan et al. 2013; Zhang et al. 2014;  Wang et al. 

2016), maize (Feng et al. 2015; Svitashev et al. 2015; Zhu 

et al. 2015; Char et al. 2017), wheat (Shan et al. 2013; 

Wang et al. 2014), tomato (Brooks et al. 2014; Cermak et 

al. 2015), soybean (Li et al. 2015), and potato (Wang et 

al. 2015). Rice, being a diploid and a monocot plant, has 

been one of the top choices among researchers for 

CRISPR/Cas9 demonstration. Some of the pioneering works 

done in rice involved targeting the promoter regions of 

bacterial blight susceptibility genes, OsSWEET14 and 

OsSWEET11 (Jiang et al. 2013). In this study, precise 

editing was mediated by two constructs including S. pyogenes 

Cas9 enzyme expressed under CaMV 35S and a chimeric 

sgRNA driven by a rice U6 gene promoter, which contains 

a 5’ region complementary to a sequence of 20 bp in the 

promoter of OsSWEET14 and a 3’ sgRNA scaffold that 

recruits Cas9. These constructs were successfully transformed 

into rice using PEG-protoplast transfection protocol. The 

use of this delivery method clearly showed that mutagenesis 

by Cas9/sgRNA complex indeed occurs within the plant 

cells which are free of any bacterial cell involvement (Jiang 

et al. 2013). The group also demonstrated that codon opti-

mization of the Cas9 positively influenced mutagenesis 

rate, in this case, using the other bacterial blight susceptibility 

gene, OsSWEET11. Using the same technique down to codon 

optimization of the Cas9, Shan et al. (2013) targeted four 

rice genes, phytoene desaturase (OsPDS), betaine aldehyde 

dehydrogenase (OsBADH2), basic helix–loop–helix (bHLH) 

transcription factor (Os02g23823), and mitogen-activated 

protein kinase (OsMPK2), in separate constructs where 

sgRNA was expressed by U3 promoter. Each of the endogenous 

genes was specifically disrupted using only single sgRNA, 

except for OsPDS, which was targeted by two sgRNAs. 

On average, high mutagenesis frequency rates were observed 
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Fig. 1 Process showing CRISPR/Cas9 system as a powerful tool for crop improvement. (A) Designing single guide RNA (sgRNA), 

(B) Engineering CRISPR/Cas9 nucleases with altered protospacer adjacent motif (PAM), (C) Targeting specific cleavage in plant 

genome, (D) Editing gene by non-homologous end joining (NHEJ) with CRISPR/Cas9, (E) Selecting null segregants in the next 

generation

in both rice protoplast cells and transgenic plants (Table 1). 

It has been reported that % GC content, targeting strand 

and targeting context of sgRNA targeting sequences may 

influence sgRNA efficacy (Wang et al. 2014). This was suc-

cessfully demonstrated by Zhang et al. (2014), wherein all, 

except one, of the 11 sgRNAs examined, showed higher 

editing efficiency. This group investigated the amenability 

of 11 rice genes to CRISPR/Cas9 system designed to be 

disrupted singly and in combination using Agrobacterium- 

mediated delivery (Table 1). It’s commonly known that 

homozygous or bi-allelic T0 plants occur when both copies 

of the target gene in rice are mutated before the first division 

of the embryogenic cell. In the study conducted by Zhang 

et al. (2014), 7.7 % of the plants carrying targeted mutations 

were found to contain homozygous mutations, which implies 

that CRISPR/Cas9 acts early during the regeneration of T0 

plants. Further, simultaneous targeting of two genes for four 

pairs of targets including OsMSH1 and OsDERF1, OsMSH1 

and OsPDS, OsPDS and OsPMS3, and OsPDS and OsDERF1 

yields high site-specific mutation rates (Table 2) which are 

not too different from the expected double mutation rates, 

that is, the mutation rate at one sites times the rate at the 

other site. These suggest that mutations at the two sites 

targeted by one construct occurred independently of each 

other (Zhang et al., 2014). Application of this technology 

in dicot plants including tomato (Brooks et al. 2014; Cermak 

et al. 2015), Soybean (Li et al. 2015), and potato (Wang 

et al. 2015) have also yielded high site-specific target 

mutations, thus pointing out the feasibility of CRISPR/Cas9 

in most, if not all, plant systems indicating its potential to 

revolutionize the genome editing of economically important 

crops.
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Table 1 Single gene editing by CRISPR/Cas9 in major crops

Crops Target Gene Gene Product/trait
PROMOTER

Delivery
Mutagenesis rate (%) 

off-target References
Cas9 sgRNA protoplast transgenic 

Rice

OsSWEET11
sucrose efflux transporter CaMV 35S OsU6 PEG

N.A. N.A.  
Jiang et al. 2013

OsSWEET14 N.A. N.A.  

OsPDS phytoene desaturase

CaMV 35S OsU3
PEG /

Particle bombardment

14.5 - 20 9.4

Yes Shan et al. 2013
OsBADH2 betaine aldehyde dehydrogenase 26.5 7.1

Os02g23823 a basic helix–loop–helix (bHLH) transcription factor 26 N.A.

OsMPK2 a mitogen-activated protein kinase 38 4

ROC5 Rice Outermost Cell-specific gene5

CaMV 35S OsU6-2 Agrobacterium 

N.A. 25.8

 Feng et al. 2013SPP Stromal Processing Peptodase N.A. 4.7

YSA Young Seedling Albino N.A. 75

OsPDS Phytoene desaturase

2x CaMV 35S ZmU3 Agrobacterium 

 41.9

None Zhang et al. 2014

OsEPSPS EPSP synthase  21.1

OsDERF1 AP2 domain containing protein  50.9

OsMSH1 DNA mismatch repair protein  37

OsROC5 Leucine zipper class IV protein  65.1

OsSPP Rice stromal processing peptidase  28.9

OsYSA Pentatricopeptide repeat domain containing protein  51.4

OsERF922 Ethylene responsive factors Pubi OsU6 Agrobacterium N.A. 42  Wang et al. 2016

Maize

Zmzb7
IspH protein for methyl-D-erythritol-4- phosphate (MEP) 

pathway
2x CaMV 35S ZmU3 Agrobacterium 50 86  Feng et al. 2015

PSY1 Phytoene synthase ZmUBI2 ZmU6 PEG 10.67  None Zhu et al. 2015

LIG1 liguleless1

ZmUBI1 ZmU6 
particle bombardment / 

Agrobacterium

N.A. 3.9

 Svitashev et al. 2015
Ms26

male fertility genes
N.A. 1.75

Ms45 N.A. 0.47

ALS1, ALS2 acetolactate synthase N.A. 2.23

Wheat
TaMLO wheat ortholog of barley MLO protein CaMV 35S OsU3 PEG 28.5 N.A. None Shan et al. 2013

TaMLO-A1 Mildew Resistance Locus protein Ubi U6 particle bombardment  5.60%  Wang et al. 2014

Tomato

SlAGO7 ARGONAUTE7
CaMV 35S AtU6 Agrobacterium

 48  
Brooks et al. 2014

Solyc08g041770 tomato reproductive development  75  

ANT1 anthocyanin mutant1 CaMV 35S AtU6 Agrobacterium-mediated  29  Cermak et al. 2015

Soybean
DD20  

EF1A2 GmU6 particle bombardment
 59  

Li et al. 2015
DD43   76  

Potato StIAA2 Aux/IAA protein CaMV 35S StU6P Agrobacterium-mediated   None Wang et al. 2015

Table 2 Double gene editing by CRISPR/Cas9 in selected major crops

Crops Gene Gene product/Trait Delivery
PROMOTER Mutagenesis frequency (%) 

References
Cas9 sgRNA Target 1 Target 2 Both

Maize LIG, MS26

LIG(liguleless) 

MS26&45(male sterility)

particle bombardment / 

Agrobacterium
ZmUbi ZmU6

  1.43% - 1.78%

Svitashev 

et al. 2015
 MS26, MS45   1.62% - 1.67%

 LIG, MS26, MS45   1.55% - 1.86%

Rice

OsMSH1, OsDERF1

OsMSH1(pleiotrophic phenotype); 

OsDERF1(drought-resistant); 

OsPDS(albino); 

OsPMS3(non-coding RNA)

Agrobacterium 2x CaMV 35S ZmU3 

50 56.7 33.3

Zhang 

et al. 2014

OsMSH1, OsPDS 40 56.4 32.7

OsPDS, OsPMS3 31.4 17.1 8.6

OsPDS, OsDERF1 37.1 17.1 5.7

Tomato
Solyc07g021170, 

Solyc12g044760
tomato reproductive development Agrobacterium CaMV 35S AtU6   100

Brooks 

et al. 2014
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  Up until now, most of the reported gene editing events 

in plants is mediated by an error-prone NHEJ repair 

mechanism, and only limited evidence that HDR-mediated 

gene insertion works well in plants have been presented so 

far due to impractically low frequencies. The Cas9-gRNA 

system was tested for its ability to facilitate targeted gene 

insertion in maize immature embryo cells (Svitashev et al. 

2015). Here, the DNA donor repair template contained the 

constitutively expressed PAT gene (UBI:MoPAT) flanked 

by approximately 1.0 K of DNA fragments homologous to 

genomic sequences immediately adjacent to the Liguless1 

(LIG) cleavage site. Interestingly, only particle bombardment 

yielded target site-specific gene insertion, and that, donor 

template DNA designed on the same plasmid together with 

Cas9-sgRNA resulted in doubled high integration event rate 

compared when components were delivered as separate 

vectors. However, this does not necessarily mean that HDR 

does not work through Agrobacterium-mediated delivery 

but more likely indicates lower frequency of integration 

events (Svitashev et al. 2015). 

Target base editing using modified CRISPR/Cas9 system

Creation of a much more powerful CRISPR tool box has 

been reported very recently. The new technique called 

“base editing” was first demonstrated in mammalian cells, 

which enables direct and irreversible conversion of one 

target base into another in a programmable manner, without 

requiring dsDNA DSB or a donor template (Komor et al. 

2016). This new system utilized catalytically modified Cas9 

(dCas9) fused to a cytidine deaminase enzyme encoded by 

the rat APOBEC1 gene. dCas9, which possessed Asp10Ala 

and His840Ala mutations inactivating its nuclease activity, 

retains its DNA binding ability via guide RNA, but does 

not cleave the DNA backbone (Jinek et al. 2012). Instead, 

this cytidine deaminase converts cytosine (C) bases into 

uridines (U) (Kuscu and Adli 2016), thereby effecting a 

15%-75% of C→T (or G→A) substitution in human cells 

(Komor et al. 2016), which are then repaired by error-prone 

mechanisms that result in various point mutations. Fusion 

of rat APOBEC1 to the amino terminus, but not that carboxy 

terminus of dCas9, is responsible for a preserved deaminase 

activity (Komor et al. 2016). Early demonstration in human 

cells by Komor et al. (2016) yielded no detectable base 

editing at the known dCas9 off-target sites, and that, base 

editors in human cells do not induce untargeted C→T 

conversion throughout the genome. Later on, Lu and Zhu 

(2016) tested the applicability of this modified CRISPR/Cas9 

system in the rice callus of Zhonghua11 (ZH11) using Agro-

bacterium-mediated transformation. In their study, they fused 

rat APOBEC1 to the N-terminus of Cas9(D10A) using the 

unstructured 16-residue peptide XTEN as linker, and con-

structed it into a binary vector containing maize ubiquitin 

promoter. This system was used to edit two agriculturally 

important genes in rice, NRT1.1B and SLR1. Previous reports 

claimed that a C→T variation (Thr327Met) in NRT1.1B 

could increase nitrogen use efficiency in rice (Hu et al. 

2015), while the amino acid substitution in or near TVHYNP 

of the DELLA protein encoded by SLR1 could reduce 

plant height (Ikeda et al. 2001; Asano et al. 2009). Results 

showed similar base-editing results in human cells, wherein 

respective C→T substitution frequency in NRT1.1B and 

SLR1 was 1.4%-11.5%, while C→G replacement frequency 

was at 1.6%-3.9%. Lu and Zhu (2016) declared that the 

possible cause of the lower base-editing efficiency on 

NRT1.1B was the lower targeting efficiency of the gRNA 

for this gene. Furthermore, to demonstrate feasibility of 

this new approach in plant breeding program, Lu and Zhu 

(2016) generated stable transgenic seedlings from the 

hygromacin-resistant callus. Sanger sequencing and RFLP 

results of SLR1 consistently confirmed the base replacement 

in the six transgenic lines which showed a semi-dwarf 

phenotype. The compelling evidence shown by these studies 

put CRISPR base-editing technology at the forefront of 

advancing the efficiency and scope of genome editing. 

Implications of improved genome editing in current plant 

breeding programs 

Current challenges in agriculture can be summed up to how 

we can improve crop production in harsh climatic conditions. 

Abiotic stress such as drought, salinity, heat, cold, flooding, 

and radiation are major threat in securing high yield especially 

of major crops across the globe. To cope these challenges, 

plants resort to induction of complex interactions among 

various components of several signaling, regulatory and 

metabolic pathways (Nakashima et al. 2009), thereby involving 

multiple genes. For the past decades, generation of stress- 

tolerant crops have been demonstrated using conventional 

breeding or classical biotechnologies. However, aside from 

time-constraint, lack of precision proved to be the bottleneck 

of these classical approaches. Research works for past five 

years presented compelling evidence that multiplex genome 

editing is feasible using CRISPR/Cas9 not only in model 

plants but also in major crops. This provides opportunities 

to understand the complexity of major traits in crops by 

deciphering the functions of multiple genes involved in a 

single trait. Another approach could be the pyramiding of 
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multiple genes involved in a stress response pathway or 

regulatory network via HDR-mediated gene targeting (Jain 

2015). Most known agriculturally important traits, however 

are conferred by point mutations (Huang et al. 2010). Hence, 

techniques that enable precise and efficient base replacement 

in the target locus, rather than stochastic disruption of the 

gene, will greatly facilitate precision plant molecular breeding 

(Lu et al. 2016). The development of a new approach, 

base editing, conferred novel functionality that is more 

powerful than the former CRISPR/Cas9 version, wherein 

it can directly convert irreversibly one target DNA base 

into another without DSB or a donor template (Komor et 

al. 2016). This platform can be harnessed to induce genetic 

variation which is a key component for crop improvement 

programs. 

  These advances in genome editing also allow breeders 

to select null segregant lines, which lack the CRISPR/Cas9 

component, by selfing (Fig. 1). The resulting product is 

expected to be identical to the classically bred plants 

(Giddings et al. 2012; Khatodia et al. 2016). 
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