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Abstract Maize is an important crop for billions of people
as food, feed, and industrial raw material. It is a prime
driver of the global agricultural economy as well as the
livelihoods of millions of farmers. Genetic interventions,
such as breeding, hybridization and transgenesis have led
to increased productivity of this crop in the last 100 years.
The technique of genome editing is the latest advancement
in genetics. Genome editing can be used for targeted
deletions, additions, and corrections in the genome, all
aimed at genetic enhancement of crops. The Clustered
Regularly Interspaced Short Palindromic Repeats
(CRISPR)/CRISPR associated protein 9 (CRISPR/Cas9)
system is a recent genome editing technique that is con-
sidered simple, precise, robust and the most revolutionary.
This review summarizes the current state of the art and
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Introduction

Maize (Zea mays L.) is the most produced grain crop
globally. Its myriad end uses and the ease of cultivation
over varied environmental and soil conditions has made it a
desirable crop across the world. In addition to human
consumption, it is used as feed for livestock, raw materials
for chemical and food industries and as biofuel (Pegoraro
et al. 2011). To further improve its agronomical traits,
scientists have continuously worked to modify its genome
through genetic techniques. Traditionally, maize genes
were modified or edited via irradiation (such as gamma or
fast neutron) and chemical mutagens (such as, ethyl
methanesulfonate). These techniques could introduce
mutations in the plant genome during exposure and
deoxyribonucleic acid (DNA) repair processes. Mutation
breeding is generally not precise. It can lead to both pos-
itive and negative outcomes with no control over regions of
the genome to be modified. Transposon tagging is another
frequently used technique in maize genetics, whereby
specific transposons are used to cause mutations and thus
permit gene discovery (Walbot 2000). This technique is
both time consuming and can be expensive (Brutnell 2002).
It also leads to random mutations and is cumbersome to
perform for large screens (Feng et al. 2016).

The limitations of random mutagenesis stimulated
research on targeted genome modification techniques. Such
techniques have evolved during the last decade, and they
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are considered to have increased the fidelity of gene editing
by approximately a thousand fold (Puchta et al. 1993;
Svitashev et al. 2016). The basic principle of targeted
genome editing requires designing of nucleases to cause a
double stranded break (DSB) in the DNA at the target site.
Most commonly, the broken DNA site leads to mutation
either by endogenous repair mechanisms (Non homologous
end—joining, NHEJ) or by using an externally added
homologous DNA repair template (Homologous—directed
repair, HDR). The Zinc Finger Nucleases (ZFNs) and
Transcription ~ Activator-Like  Effector =~ Nucleases
(TALENs) were the first generation targeted genome
editing techniques (Joung and Sander 2013). Although
successful to some extent, these techniques have some
disadvantages. Engineering of ZFNs and TALENS is dif-
ficult and minimally a pair of ZFNs or TALENS is required,
because both the up-stream and the down-stream regions of
any specific locus must be targeted (Beumer et al. 2013).
Multiplexing to edit several targets would require many
ZFNs or TALENs. Each ZFN or TALEN protein must be
genetically engineered to tailor it to generate DSBs at the
desired location (Kim and Kim 2014).

The CRISPR/Cas9 system is a newly introduced tech-
nique (Jinek et al. 2012; Gilbert et al. 2013; O’Connell
et al. 2014). It’s rather simple design, flexibility of opera-
tion, and low cost has revolutionised the field of genome
editing (Doudna and Charpentier 2014; Murugan et al.
2017). The system consists of the same Cas9 nuclease
protein in all applications and a single guide RNA
(sgRNA)—containing a 20 base pair (bp) target site
sequence and a hairpin structure (Fig. 1). The Cas9 protein
induces a DSB in the 20 bp targeted genomic locus spec-
ified by the sgRNA: the DSB is introduced adjacent to the
NGG sequence (Protospacer Adjacent Motif, PAM; N
means any nucleotide). Interestingly, just, 20 bp is suffi-
cient to provide allele specificity in the single copy regions
of a genome like maize. The small size makes construction
of sgRNA easy (Newman and Ausubel 2016; Shan et al.
2014). The delivery of the CRISPR/Cas9 system (protein
plus sgRNA) inside the cell can be transient or involve
stable maize transformation. Multiplexing is also possible
via this technique (Shan et al. 2014). Unlike other nucle-
ases, the ability of CRISPR/Cas9 to target methylated DNA
makes it a more versatile technique for plant genome
editing (Bortesi and Fischer 2015). The targeting efficiency
of the CRISPR/Cas9 system is also remarkably better
compared to either TALENs or ZFNs (Reis et al. 2014).

The CRISPR/Cas9 system has no species limitation. It
has been utilized in a wide range of families and genera
within the plant kingdom including sorghum (Sun et al.
2015), wheat (Zhang et al. 2016), rice (Mazumdar et al.
2016), Aradidopsis thaliana (Jiang et al. 2014), tobacco
(Gao et al. 2015), tomato (Brooks et al. 2014), potato
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(Wang et al. 2015) and orange (Jia and Wang 2014). In this
review, we focus on the current status of maize genome
editing using the CRISPR/Cas9 technique.

Factors affecting CRISPR/Cas9 activity

The prerequisite for genome modification by CRISPR/
Cas9, is the successful delivery of the Cas9 protein and the
sgRNA to the nucleus via an effective vector. The Cas9
gene and the sgRNA gene could be assembled in one
plasmid or on separate plasmids (Jiang et al. 2013; Li et al.
2013; Brooks et al. 2014). In most cases reported thus far,
the Cas9 gene is driven by commonly used promoters in
plant transformation, like ubiquitin and Cauliflower mosaic
virus 35S (CaMV 35S) promoters. In basic plant biology
studies, where studying functions of genes is the main
interest, the Cas9 gene is often attached to both a molecular
tag to allow detection/purification of the protein, and a
Nuclear Localization Signal (NLS) to facilitate Cas9 pro-
tein entry inside the nucleus (Mazumdar et al. 2016). The
pCAMBIA-based sgRNA module vectors work efficiently
in many plant species (Xing et al. 2014). In these module
vectors, two or more sgRNA expression cassettes are
assembled using Golden Gate or Gibson Assembly meth-
ods. The vector worked successfully in maize with a high
mutation efficiency (60-95%) reported in transgenic lines.
A large number of biallelic mutations thus generated could
also be transmitted to next generation with high efficiency
(Xing et al. 2014; Char et al. 2017).

The mutation efficiency of CRISPR/Cas9 depends on
many factors, like, gene specificity of the target sites; the
position of the PAM sequence; the nature of the sgRNA
sequence; the promoters of Cas9 gene and sgRNA; the
target tissues; and the transformation technique employed.
Genes as targets should be carefully selected as some genes
are crucially important for cell growth and gene knock-out
of such genes could be lethal to the plant. In crops, genes
are usually present in multiple copies due to rearrange-
ments, polyploidization or duplication. Therefore, non
specificity of sgRNA could lead to biallelic mutation or
mosaicism. For example, the acetolactate synthase (Als)
gene family comprises of Als/ and Als2 at chromosomes 4
and 5 respectively, in maize. In a study, the non-gene
specific sgRNA led to biallelic mutation in both the Als
genes leading to non stable event recovery. The desired
mutation was achieved after designing Als2 specific
sgRNA based on nucleotide polymorphism between Alsl/
and Als2 (Svitashev et al. 2015). Furthermore, the GC
content of the targeted sites affects the stability of DNA-
sgRNA hybrid. High GC content allows for stable DNA-
RNA hybrid, but, more stable DNA-sgRNA hybrid also
increases the chances of off-targets. GC content up to 35%
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Fig. 1 Representative model
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in the target region has shown good Cas9 enzyme activity
with minimal off- targeting (Peng et al. 2016). The PAM
sequences are usually NGG, but, NAG could also be used
with weakened binding efficiency of the nuclease with the
genomic DNA (Xie et al. 2014). The binding efficiency of
NRG is only one-fifth of NGG sequence. The binding
efficiency of nuclease differs with each base of the PAM
sequence. The first nucleotide in PAM is least conserved
but the G at second position improves the binding effi-
ciency by 90% and therefore, the stability of NRG is rel-
atively less than NGG (Zhang et al. 2015).

The sgRNA sequence is comprised of the “seed” and
the “non seed” region. Initial studies revealed that the seed
sequence is at 10-12 base pair adjacent to the PAM
sequence. Wu et al. (2014) observed that true seed
sequence is limited to one to five base pairs proximal to

PAM. The seed sequence determines the specificity of
Cas9—sgRNA binding (Mali et al. 2013). Purines are more
favoured at maximum position of sgRNA. It was also
observed that G at distal region of the PAM can assist in
better loading of nuclease (Wang et al. 2014). The sgRNA
activity also depends on its length. The efficiency of 19
nucleotide long sgRNA is better than a truncated 17-18
nucleotide sgRNA and a longer 22-23 nucleotide sgRNA.
The sequence features in and around the target sequence
could also influence action of sgRNA (Peng et al. 2016).
Table 1 lists the promoters driving Cas9 gene and
sgRNA reported by different groups for maize genome
editing. In general, CaMV 35S promoter has been used
extensively for Cas9 gene expression in dicots. For maize
and other monocots, ubiquitin gene promoter has been
more commonly used for driving expression of the Cas9
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Table 1 List of some maize genes edited via CRISPR/Cas9 technology

Gene name Promoter driving Cas9  Promoter driving sgRNA  Tissue type for maize References
expression expression transformation

Inositol phosphate kinases, IpK 35S U3 Protoplast Liang et al.
(2014)

High affinity K+ transporter, Hkz1 Ubiquitin U3 Immature embryo Xing et al.
(2014)

Acetolactate synthase, Als2 Ubiquitin U6 Immature embryo Svitashev et al.
(2015)

Liguleless, igl1 Ubiquitin [8[9 Immature embryo Svitashev et al.
(2015)

Male fertility gene, Ms26 Ubiquitin 18[9 Immature embryo Svitashev et al.
(2015)

Male fertility gene, Ms45 Ubiquitin [8[9) Immature embryo Svitashev et al.
(2015)

MADS-box transcription factor 47 Ubiquitin U6 Immature embryo Qi et al. (2016)

Ribosomal protein, Rpl Ubiquitin [8[9 Immature embryo Qi et al. (2016)

IspH protein, Zmzb7 35S U3 Protoplast Feng et al.
(2016)

Phytoene synthasel, Psyl Ubiquitin 18[9 Immature embryo Zhu et al. (2016)

Argonaute protein, Agol8 Ubiquitin U6 Immature embryo Char et al.
(2017)

Dihydroflavonol 4-reductase (dfr) Ubiquitin U6 Immature embryo Char et al.
(2017)

Anthocyaninless 1(a/) and homolog Ubiquitin U6 Immature embryo Char et al.

(a4) (2017)
Auxin regulated gene involved in Ubiquitin U6 Immature embryo Shi et al. (2017)

organ size, ArgoS8

gene. The sgRNA is generally expressed using plant RNA
polymerase III promoters such as U6 and U3. These pro-
moters have a defined transcription start nucleotide, that is
“G” for U6 and “A” for U3 (Belhaj et al. 2013). The start
nucleotide is not stringent in terms of preference of type of
RNA polymerase III but can affect the targeted gene
mutagenesis efficiency to some extent (Zhu et al. 2016).

Transformation techniques suitable for CRISPR/
Cas9 based genome editing

Transformation alters the genetic constitution of cell
through introduction of foreign DNA inside them. There
are various techniques to accomplish transformation. Plant
cells are surrounded by a thick cell wall. Therefore, it is
difficult to use transfection or an electroporation mode of
transformation, the two most common methods for mam-
malian cells. Plant transformation primarily relies on
Agrobacterium-mediated or biolistic delivery of CRISPR/
Cas9 reagents present in the DNA vectors (Svitashev et al.
2016). There have been rapid advances in maize cell
transformation efficiency over last several years (Yadava
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et al. 2017). Protoplast transformation for CRISPR/Cas9
has also been attempted in maize (Table 1). Protoplasts are
cell wall free plant cells, and after transformation some of
them can reform cell walls and later regenerate into a plant.
Protoplast regeneration in maize is rare. It has been
observed that in majority of crop plants, it fails to give rise
to a fertile plant or is limited to particular genotypes
(Gasser and Fraley 1992; Svitashev et al. 2016). Never-
theless, protoplast transient assays can confirm the
expression of the engineered Cas9 and sgRNA cassettes
quickly. Maize transformation takes approximately
3—4 months from DNA delivery to plantlet regeneration,
and a further 7-8 months to seed setting. Therefore, tran-
sient assay validation of vectors is very useful. Second,
some sgRNAs do not generate desired particular mutation
due to unknown reasons (Char et al. 2017). Therefore, a
mutation test of a particular Cas9—sgRNA via protoplast
transient assay before transformation of immature embryos
could save time and resources by validating sgRNA
expression and nuclease activity (Zhu et al. 2016; Feng
et al. 2016). Agrobacterium strains harbouring different
Cas9—sgRNA constructs, co-infecting immature embryos
simultaneously could be used as an alternative strategy for
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multiplex gene editing. Also, T-DNA Agrobacterium vec-
tors can be built with one Cas9 gene and several sgRNA
genes. Char et al. (2017) observed that the mutation fre-
quency of immature embryos co-infected by a cocktail of
A. tumefaecians were similar to single strain infection.
Mutations at each target sites by separate Cas9—sgRNA
cassette, were independent of each other to generate
transgenic maize lines. This strategy was found to be cost
effective and a time saver method.

Examples and special considerations in CRISPR/
Cas9-based genome editing in maize

In crop species, genes and genomes are often present in
multiple copies, because of local duplications, and/or
polyploidization. In some cases, all copies of a gene have
to be edited to get the desired mutant phenotype. CRISPR/
Cas9 technique could be used to generate homozygous
nulliplex mutants or a large diversity of allele combinations
in a polyploid plant species through mutations in the dif-
ferent homeologous genes. Currently, the focus in research
using CRISPR/Cas9 is on gene knock-out i.e. generating a
null mutation. Loss of gene function can be easily pheno-
typically identified or can be proven by polymerase chain
reaction and related molecular experiments (Wu et al.
2014). Table 1 highlights the list of genes edited in maize
using CRISPR/Cas9 technology to date. The published
reports of maize genes targeted via CRISPR/Cas9 system
are fewer than rice and sorghum but private and many
public labs have successfully made mutants and are con-
ducting research on the mutants. The era of publishing
examples of mutation efficiency of CRISPR/Cas9 can be
considered to be over, while the products of this technology
are on the anvil.

Liang et al. (2014) provided an early example of editing
maize gene using CRISPR technology and they also per-
formed a comparative study of the editing efficiency with
TALENs. The CRISPR/Cas9 system induced targeted
mutations in the phytic acid biosynthesis gene-ZmIPK in
the maize protoplasts with an efficiency of 13.1% as
compared to 9.1% obtained with TALENs. The CRISPR
technology also showed 10-20-folds higher mutation fre-
quency in maize, as compared to homing endonucleases
(Svitashev et al. 2015). Recently, Char et al. (2017)
designed an easy public sector system—°‘ISU Maize
CRISPR’, consisting of E. coli cloning vector and
Agrobacterium binary vector for efficient site specific
mutagenesis in maize. The vector could be used to insert up
to four sgRNA for single or multiplex mutagenesis (Char
et al. 2017). This example from maize is a major devel-
opment towards progress in CRISPR/Cas9 mediated mul-
tiplex gene editing in crops. Qi et al. (2016) demonstrated

yet another novel multiplex gene editing strategy based on
the tRNA-processing system. Maize glycine-tRNA was
used to construct multiple tRNA—-sgRNA units for the
simultaneous production of multiple sgRNAs under the
control of one maize U6 promoter. They observed that
editing efficiency of tRNA—sgRNA strategy was higher
than simplex editing system. They could successfully
achieve mutagenesis of multiple genomic loci or deletion
of short chromosomal fragments—a major development in
gene editing in plants, demonstrated first in maize. As
compared to some other plants, the maize genome has large
proportion of heterochromatic regions. It was observed that
the CRISPR/Cas9 system works independent of the chro-
matin state. The mutation frequency in the heterochromatic
region of maize was found comparable to the euchromatic
region (Feng et al. 2016).

To date, reports of modifying genome architecture
in vivo through Cas9—sgRNA plus donor templates for high
fidelity homology directed repair have been few. The repair
template could be either single stranded DNA (ssDNA) or
the double stranded DNA (dsDNA) vector. Svitashev et al.
(2015) observed that both—the ssSDNA and dsDNA vector
repair template, edited the Als2 gene and yielded chlor-
sulfuron resistant maize plants. In the case of gene editing
via insertion of a donor template, biolistic transformation is
preferable to Agrobacterium-mediated transformation. The
possible explanation could be that, the multiple copies of
DNA molecules are inserted via bombardment compared to
the low copy number of T-DNA insertion. The mRNA
expression level of the ARGOSS gene was changed by
replacing the promoter of ARGOSS with the constitutively
expressed Gos2 promoter or via insertion of Gos2 promoter
at 5’-UTR of ARGOSS in the maize inbred line—PH184C.
The replacement of the promoter required two sgRNA for
DSB as either ends of ARGOS8 promoter and insertion
required one sgRNA. Both the events led to ARGOSS
variants with comparable frequency of approximately 1%,
but the replacement of promoter also witnessed along with
DNA fragment deletion due to NHEJ (Shi et al. 2017).

As described previously, the expression of the Cas9—
sgRNA could be either transient or stable. The stable inte-
gration is insertion of foreign gene into plant genome
whereas transiently transformed plant cell expresses the
foreign gene without its integration into the genome. The
stable integration of Cas9-sgRNA can lead to somatic
mutations in Ty and T,; plants or later generation and
consequently may result in chimeric plants as seen in many
dicots. However, in maize transformation, the mutations
appear to occur in individual embryo cells that then
regenerate—thus minimizing chimeras, in contrast to many
dicots where chimeras are common. Svitashev observed
segregation distortion in progenies of only two T, plants
(Svitashev et al. 2015). Sometimes, such mutations do not

@ Springer



180

Physiol Mol Biol Plants (March—April 2018) 24(2):175-183

follow Mendelian segregation ratios because they are pre-
sent in only the ear or the tassel. This problem could be
overcome in the following ways: (1) Genetic segregation
and selection of null segregants with the desired mutant
alleles but carrying no CRISPR transgene (Char et al.
2017); and (2) the stable pre-integration of a Cas9 followed
by transient expression of the desired sgRNA. The sgRNA
can be expressed transiently, if it is delivered in the form of
RNA instead of a DNA expression cassette. But the
mutation frequency of sgRNA delivered as RNA was
approximately 100-fold lower compared to sgRNA deliv-
ered as DNA. Svitashev et al. discussed that the possible
reason could be failure to meet required simultaneous
coincident function of Cas9 and sgRNA as Cas9 was
delivered as DNA vector and sgRNA as RNA (Svitashev
et al. 2015). The strategy of stable pre-integration of Cas9
could also be used if sequential mutation in every gener-
ation is required and sgRNA can still interact with the
target DNA.

The Cas9—sgRNA transformed maize plants should be
handled by standard genetic technique in which all ears are
covered to prevent controlled crosses, as maize is highly
cross-pollinated crop. Plants can be detassled to prevent
pollen flow or bagged. An inadvertent hybridization of
Cas9-sgRNA pollen with any non-target maize plant can
result in “gene drive,” in which the gene modified by
sgRNA may be preferentially inherited through sexual
reproduction and alter the entire population (Pennisi 2015).

Most CRISPR/Cas9 mutants are biallelic. Thus, re-
editing of the target gene is also possible if the sgRNA can
still interact. The development and characterization of the
transgenic line bearing the active Cas9 protein requires
time and resources, however, once available any sgRNA
can be used. Transgene free technology to edit the genome
has always been a desirable goal. Recently, Cas9 and
sgRNA in the form of ribonucleoprotein (RNP) complexes
were delivered to maize cells via particle bombardment.
This can mitigate many effects of off-site targeting and
plant mosaicism (Svitashev et al. 2016).

Mitigating off-tragets

Off-site targeting is non-specific cleavage of untargeted
sequences. This is major concern in the CRISPR/Cas9
based genome editing as it causes unknown collateral
damage to the genome, such as genomic instability and
disruption of functionality of otherwise normal genes. The
off-targets can be evaluated and predicted by various web
based tools such as CROP-IT (Singh et al. 2015), CCTop
(Stemmer et al. 2015) and CRISPOR (Haeussler et al.
2016). The improvement in offsite targeting specificity in
CRISPR/Cas9 system will provide accurate and precise
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genotype—phenotype correlations. The wild-type Cas9
enzyme has two nuclease domains: RuvC and HNH. If one
of the domains is inactivated then it functions as nickase.
The pairing of nCas9 (nickase) with two sgRNAs, each
cleaving single strand DNA, reduced the off targets by
50-1500 times without compromising cleavage efficiency
(Shen et al. 2014; Zhang et al. 2015). The concept of nCas9
is described in greater detail in the following section. Re-
cently, a new hyper-accurate Cas9 variant (HypaCas9) was
designed that exhibited high genome-wide specificity
without compromising on-target activity (Chen et al.
2017).

Future prospects of CRISPR/Cas9 based gene
editing in maize

Researchers are continuously searching new innovative
methods to broaden the scope and accuracy of mutagenesis
by CRISPR/Cas9. The Cas9 has two catalytic nuclease
domains—HNH and RuvC. The HNH domain cleaves the
DNA stand complementary to sgRNA whereas the RuvC
cleaves the non complementary strand. When both nucle-
ase domains are active, Cas9 along with its sgRNA gen-
erates a DSB (Fig. 1). If one domain is mutated and loses
its catalytic property, then Cas9 is a single strand nickase
(nCas9), that is, the Cas9 will cleave only one strand but
gene modification may still occur using either the NHEJ or
HDR mechanism (Mali et al. 2013) (Fig. 2a). The Cas9
nickases could be used either singly or in pairs. The paired
Cas9 nickase works analogously to a pair of ZFNs, creating
a displaced DSB (Sander and Joung 2014). Recently, a pair
of Cas9 nickases along with sgRNA was used in rice, and
the accuracy was so high that even one nucleotide mis-
match with the target sequence failed to induce mutation
(Mikami et al. 2016). The fusion of nCas9 with cytidine
deaminase enabled efficient and site specific C to T base
editing in rice, wheat and maize (Zong et al. 2017). The
paired sgRNA/Cas9 nickase could also be used to target
gene insertions. But, in this case, the flexibility of the
targeted gene replacement will be limited by the length
between the double nicks. Recently, Zhao et al. (2016)
performed gene replacement rather than gene insertion in
Arabidopsis using dual-sgRNA/Cas9. The technique of
duality created double DSBs and resulted in deletion of
large intentional deletion length. In maize, they could
successfully create deletion ranging from 1 to 300 kb. The
genomic tool which can handle large sequences with ver-
satile application such as deletion, knock-in and replace-
ment in gene function studies, are the future of the gene
editing technology for crop genetic improvement.

The nuclease deficient Cas9 is termed a dead Cas9
(dCas9). It has lost its catalytic activity due to mutation in
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Fig. 2 Representative model depicting the newly described alterna-
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both the nickase domain. The dCas9 can specifically target
genome based on sgRNA sequence, without DNA cleav-
age. The dCas9 can be fused with various transcriptional
domains to work as an activator (CRISPRa) or as a gene
repressor system (CRISPRi). The dCas9 can also be
attached to various proteins for their programmable local-
ization on DNA. For example, fusion of reporter genes
with dCas9 for molecular visualization can be accom-
plished using this approach (Fig. 2b) (Shalem et al. 2015;
Radzisheuskaya et al. 2016).

Maize breeders could be benefitted greatly by the use of
CRISPR/Cas9 technology. The conventional breeding
depends on natural variation. Breeders perform extensive
back crossing for introgressing a desired trait into an elite
background. Genome editing can accelerate plant breeding
by performing precise and predictable modifications
directly on alleles in an elite background. The modifica-
tions introduced in the genome via CRISPR/Cas9 tech-
nology is indistinguishable from those introduced via

Cas9
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specificity. b The catalytically inactive or nuclease deficient or ‘dead’
Cas9 (dCas9) (that is mutations in both the RuvC and HNH domains)
can specifically target genome based on sgRNA sequence, without
cleaving DNA. The dCas9 can be fused to various effector domains
such as transcriptional activator, repressor or GFP protein to perform
other functions at the target site

conventional breeding or chemical or random mutagenesis.
Therefore, the crop variety generated through this tech-
nology has been classified as non-genetically modified
(non-GM) in some countries once the transgenic Cas9—
sgRNA or any other foreign genetic element has been
segregated from the stock (Belhaj et al. 2013). Increas-
ingly, there has been a greater preference of using biolistic-
based transformation techniques in genome editing appli-
cations, instead of Agrobacterium-mediated transforma-
tion, as the former does not involve use of any plant
pathogen, which may have regulatory issues. It is expected
that a variety of high amylopectin maize may be the first
CRISPR edited maize to be grown commercially (Waltz
2016). The recent study on creating ARGOSS gene variants
in maize using CRISPR/Cas9 is a major demonstration of
potential of this technology in future plant breeding. These
alleleic variants increased grain yield by 314 kg per
heactare under drought stress conditions in field trials (Shi
et al. 2017).
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The improvements in maize agronomic and quality traits
are promising applications. Since the era of hybrid maize,
natural allelic variations in a large number of genes, each
with small effects, have been utilized to improve yield and
stress tolerance. However, such alleles are present at rela-
tively low frequencies in most elite breeding populations.
As genomics leads to greater understanding of genetic
variation, in future it may be possible to routinely design
alleles through genome editing. The designed alleles, even
if show small effects, can be extensively used and pyra-
mided as there would be no regulatory costs of using these
alleles. This is unlike transgenics, where regulatory costs of
using every single transgene have to be thoroughly con-
sidered against the benefits it could offer. Maize is an
industrial crop with a highly developed seed industry. In
the past, as compared to other crops, new genetic tech-
nologies have been more widely and intensely applied to
this crop. The rapid advances in genome editing in maize
can once again harbinger a new technological era, which
can be a potential trendsetter for all other crops.
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