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Abstract Mutagenesis continues to play an essential role
for understanding plant gene function and, in some
instances, provides an opportunity for plant improvement.
The development of gene editing technologies such as
TALENSs and zinc fingers has revolutionised the targeted
mutation specificity that can now be achieved. The
CRISPR/Cas9 system is the most recent addition to gene
editing technologies and arguably the simplest requiring
only two components; a small guide RNA molecule
(sgRNA) and Cas9 endonuclease protein which complex to
recognise and cleave a specific 20 bp target site present in a
genome. Target specificity is determined by complemen-
tary base pairing between the sgRNA and target site
sequence enabling highly specific, targeted mutation to be
readily engineered. Upon target site cleavage, error-prone
endogenous repair mechanisms produce small insertion/
deletions at the target site usually resulting in loss of gene
function. CRISPR/Cas9 gene editing has been rapidly
adopted in plants and successfully undertaken in numerous
species including major crop species. Its applications are
not restricted to mutagenesis and target site cleavage can
be exploited to promote sequence insertion or replacement
by recombination. The multiple applications of this tech-
nology in plants are described.
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Introduction

Continued crop plant germplasm improvement is an
ongoing requirement to meet the ever increasing demand
for food production. Several decades ago mutagenesis and
selection was used extensively in the hope of generating
new genetic diversity of agronomic value. In this approach,
mutations were generated using both radiation and chem-
ical mutagens. Some trait improvements were made (re-
viewed by Ahloowalia and Maluszynski 2001), however,
rational design and tailored production of new alleles were
not possible due to a lack of targeted DNA modification
tools available at the time. Nevertheless, random mutage-
nesis coupled with either phenotypic screening or TIL-
LING has been extremely useful for demonstrating gene
function and facilitating gene isolation, as has the large-
scale production and characterisation of random T-DNA
insertion libraries (reviewed by Koornneef 2002; Parry
et al. 2009).

A major development in increasing plant germplasm
diversity is by transgenesis. Globally, an ever-expanding
area of transgenic crop species are being grown (175 mil-
lion hectares in 2013) that contain an increasing number of
transgenes for trait improvement, including insect resis-
tance, herbicide resistance, improved nutritional quality
and modified oil (ISAAA 2013). A limitation of current
plant transformation technologies is that insertion of
transgene sequences into the genome is essentially random.
With an expanding number of transgenic traits available
this becomes problematic as an increasing number of
transgenes located randomly in the genome requires a
correspondingly increased breeding effort to keep these
unlinked loci together (Que et al. 2010). For example, the
Monsanto/Dow AgroSciences maize lines Smartstax con-
tains eight transgenes, six Cry genes and two herbicide

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00299-016-1989-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00299-016-1989-8&amp;domain=pdf

1440

Plant Cell Rep (2016) 35:1439-1450

resistance genes, located at multiple loci (Que et al. 2010).
As future transgene numbers grow, this difficulty will
become exacerbated without the development of new
technological advances.

The emerging technology of CRISPR/Cas9 gene editing
offers the potential to overcome some of the difficulties
described above that arise from the imprecise nature of
random mutagenesis and the random integration of trans-
genes into the plant genome. The CRISPR/Cas9 system
enables precise targeting and cleavage of a single 20 bp
sequence within a large genome. This remarkable speci-
ficity can be exploited for highly targeted mutagenesis or
targeted gene insertion. There are alternatives to CRIPRS/
Cas9 genome editing, including TALENSs, zinc finger
nucleases and meganucleases, and each system has
advantages and disadvantages. CRISPR/Cas9 is the most
recent of these technologies and advances in both gene
mutation and gene targeting using this system in plants are
described herein.

The CRISPR/Cas system

CRISPR/Cas systems (I-1II) are prokaryote defense systems,
common to many archaea and bacteria, which protect the
prokaryotic genome from invading nucleic acids (Makarova
et al. 2011). Remnants of invading sequences are co-located
in regions of the bacterial genome as Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR), with
invading plasmid or viral sequences (27-72 bp) separated by
short direct repeats (2147 bp). In type II CRISPR/Cas
systems, these small remnant sequences are actively tran-
scribed and processed into small CRISPR RNAs (crRNAs)
that complex with a trans-activating CRISPR RNA
(tracrRNA) and an endonuclease protein, Cas9 (Chylinski
et al. 2014). Nucleotides (19-22 bases) at the 5’ end of the
crRNA target the Cas9 complex to complementary invading
sequences that are subsequently cleaved by the endonucle-
ase (Horvath and Barrangou 2010). A pre-requisite for
processing of the target sequence is that a trinucleotide
sequence, NGG, is required in juxtaposition to the 3’ end of
the target site on the non-complementary strand. This trin-
ucleotide sequence is known as a protospacer adjacent motif
(PAM) sequence and is the primary crRNA/Cas recognition
site from which strand separation and RNA-DNA
heteroduplex formation is initiated (Sternberg et al. 2014).
Cas9-mediated cleavage of the complementary and non-
complementary DNA strands generally occurs three
nucleotides and three to eight nucleotides, respectively, from
the PAM sequence within the 19-22 bp region of crRNA
and target site identity.

A minimal version of the type II CRISPR/Cas9 system,
generally using the Cas9 gene from Streptococcus
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pyogenes, has now been used in a variety of eukaryotic
organisms, including plants, to target and cleave a specific
sequence in the genome. A significant biotechnological
simplification for exploitation of this system in vivo has
been the design of synthetic small guide RNAs (sgRNAs)
that forgo the tracRNA requirement and thereby reduce the
CRISPR/Cas9 system to just two genes; one encoding the
Cas9 endonuclease and the other a synthetic sgRNA (Jinek
et al. 2012), with the latter usually under the regulatory
control of a U3 or U6 small nuclear RNA promoter. The
requirement for a PAM motif (NGG) adjacent to the target
site sequence does constrain the number of potential
CRISPR/Cas9 targets in a genome, although in most plant
crop species analysed (i.e. rice, sorghum, soybean, tomato)
>90 % of genes contain at least one potential CRISPR
target site (Li et al. 2013; Xie and Yang 2013; Xie et al.
2014). A curious exception was maize where only 30 % of
genes were reported to contain suitable CRISPR/Cas9
targets (Xie et al. 2014). Recently, orthologous type II
CRISPR/Cas9 systems from other bacteria with different
PAM sequence specificities have been shown to function
with similar efficiency in Arabidopsis, which will further
expand the number of potential CRISPR target sites
available in plant genomes (Steinert et al. 2015).
Following cleavage by Cas9 of the 20 bp target
sequence in the plant genome, the target site is generally
repaired by nonhomologous end joining (NHEJ) which is
an error-prone process that frequently results in small
sequence insertions or deletions (indels) (Puchta 2005).
The incorporation of indels within gene coding sequences
can obviously result in codon insertions or deletions, or
more commonly frame shift mutations that result in loss of
gene function. CRISPR/Cas9 is, therefore, a remarkably
targeted mutation tool when compared with previous ran-
dom mutagenesis approaches. An interesting point, how-
ever, is that although the 20 bp target site is precisely
defined with CRISPR/Cas9, the end product modification is
still a random event defined by error-prone NHEJ.
Although generally specific CRISPR/Cas9 can occa-
sionally result in off-target site cleavage of related, but
non-identical, sequences with base differences tolerated
generally only in the 5’ end of the sgRNA (Fu et al. 2013;
Endo et al. 2015). Avoiding off-target effects can be
achieved by selecting target sequences with minimal sim-
ilarity to other sequences in the genome. In addition,
modifications of the CRISPR/Cas9 system have been
designed to reduce off-target site effects including using a
mutated Cas9 nuclease that is capable of cleaving only a
single DNA strand (Fauser et al. 2014; Schiml et al. 2014).
Two sgRNAs with target sites in very close proximity and
complementary to opposite strands are, therefore, required
for cleavage. This effectively doubles the sequence speci-
ficity required for target site cleavage. Nonetheless, when
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compared with random mutagenesis the frequency of
background mutations from CRISPR/Cas9 is trivial. Fur-
thermore, given the relative ease with which many plant
species can be backcrossed, the low frequency of potential
off-target CRISPR/Cas?9 sites is unlikely to be problematic
in crop species.

Application of the CRISPR/Cas9 system is not limited
to targeted mutation mediated via NHEJ. An interesting
feature of DNA sequence integration is that introduced
sequences will preferentially insert into a pre-existing
break within a genome (Puchta et al. 1996; Hannin et al.
2001; Tzfira et al. 2003; Puchta 2005; Wright et al. 2005;
Tzfira et al. 2012). Site-specific CRISPR/Cas9-mediated
cleavage can, therefore, facilitate targeted DNA insertion at
the cleavage site by nonhomologous recombination. In
addition, if the incoming DNA template is flanked by
sequences that are homologous to those surrounding the
cleavage site (i.e. a repair template) the frequency of
homologous recombination mediated by homology-di-
rected repair mechanisms (HDR) can be increased by
several orders of magnitude (Puchta et al. 1996; Puchta
2005, Wright et al. 2005). CRISPR/Cas9 cleavage coupled
with HDR has the potential to enable engineering of new
alleles of endogenous genes or enable sequential insertion
of transgenes at the same locus. This targeted cleavage can
also be used to remove genes if sequences flanking the
gene are simultaneously cleaved.

CRISPR/Cas9 technology has now been used in a
variety of plant species (Shan et al. 2013; Li et al. 2013;
Nekrasov et al. 2013) where its applications include tar-
geted mutations, gene removal and site-specific transgene
integration by HDR (Table 1). Examples of these approa-
ches are discussed below.

Targeted mutations

Numerous genes have now been successfully targeted by
CRISPR/Cas9 in different plant species giving rise to loss
of function mutant phenotypes that are produced by error-
prone NHEJ (Shan et al. 2013; Li et al. 2013; Nekrasov
et al. 2013). In diploid transgenic plants containing
CRISPR/Cas9 constructs, a mutation can occur in the target
sequence of a single allele (monoallelic) or alternatively
each allele can be independently mutated to produce a
knockout phenotype (biallelic). Homozygous mutations
can also occur (e.g. Shan et al. 2013; Zhang et al. 2014),
presumably by a gene conversion process. Mutations can
occur independently in plant somatic tissue resulting in
chimerism with only those mutations present in germ line
cells being transmitted to the following generation (Feng
et al. 2014; Wang et al. 2015b; Mao et al. 2015; Xu et al.
2015). Progeny derived from CRISPR/Cas9 plants that

show mutant phenotypes may, therefore, consist of either
homozygous or biallelic mutant genotypes. In subsequent
generations, plants that still contain a wild-type allele and
CRISPR/Cas9 construct can generate new allelic variants
of the target gene sequence (Feng et al. 2014; Xu et al.
2015).

The mutations that are produced by NHEJ repair of Cas9
cleaved sites are often small indels. In a study of over 800
CRISPR/Cas9-induced mutations at 12 target sites in seven
genes in Arabidopsis T2 plants, Feng et al. (2014)
demonstrated that 90 % of mutations were either small
insertions or deletions at the target site sequence. Similarly,
in rice small indels were most frequently observed with
insertions and deletions occurring at similar frequencies
(Zhang et al. 2014). However, Xu et al. (2015) report
differences between different target loci in rice with some
targets sites showing a higher frequency of larger deletions.
They suggest that regions of micro-homology at these latter
loci may promote deletions and that the sequence structure
of the target locus may influence the final repair product
(Xu et al. 2015). It is also of interest that a tenfold higher
frequency of small insertions rather than deletions was
observed in the Arabidopsis regulator of telomere length
(RTELI) gene (Fauser et al. 2014).

In some species, a high frequency of mutations in TO
plants can be obtained. In poplar, more than 90 % of
mutations produced in a targeted phytoene desaturase gene
were biallelic or homozygous in TO regenerants resulting in
albino phenotypes, with 50 % of all regenerated plants
successfully mutated (Fan et al. 2015). In maize, high
frequencies (77-100 %) of biallelic mutations were
observed in TO plants (Svitashev et al. 2015), while in
soybean monoallelic and biallelic mutations were detected
at a target site in 28 and 31 % of transgenic events,
respectively (Li et al. 2015). In rice, biallelic mutations
were detected in 3141 % of TO plants (Xu et al. 2015).
However, this latter study also demonstrated that many of
these mutations did not show expected inheritance patterns
and in some instances were not inherited in T1 progeny,
consistent with TO plant chimerism. Similar chimerism in
rice was reported by Zhang et al. (2014). The reported
frequency of chimerism differs between studies but,
nonetheless, it appears that at least one generation of
inheritance is necessary to confirm the heritability of new
CRISPR/Cas9-derived alleles.

In Arabidopsis, due to the floral dip in planta transfor-
mation system, chimerism occurs in T1 plants with somatic
mutations often detected in the T1 generation (Feng et al.
2014; Jiang et al. 2014; Wang et al. 2015b and references
therein). Chimerism was suggested to arise from poor
expression of the Cas9 gene (usually 35S driven) in the egg
cell. Using an egg cell-specific promoter, a higher fre-
quency of bialleic or homozygous mutations was detected
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Table 1 Examples of CRISPR/Cas9 modifications in plant species

Species Gene target Modification Phenotype References®
Arabidopsis PDS3 (phytoene desaturase) KO and Li et al. 2013
thaliana deletion
BRI (BRASSINOSTERIOD INSENSITIVE 1) KO and Dwarf, rolled leaves Feng et al. 2013, 2014; Woo
deletion et al. 2015
GAI (GIBBERELLIC ACID INSENSITIVE) KO Dwarf Feng et al. 2013
ADHI (aldehyde dehydrogenase) KO Allyl alcohol resistant ~ Fauser et al. 2014
TT4 (transparent testa) KO Seed colour Fauser et al. 2014; Feng et al.
2014
GUUS HDR GUS Feng et al. 2014; Fauser et al.
2014
ADHI (aldehyde dehydrogenase) HDR NPTII resistance Schiml et al. 2014
Multiplex targeting of trichome development KOs Clustered trichomes Xing et al. 2014
genes TRP, CPC and ETC2
Virus genome KO Virus resistance Ji et al. 2015
Multiplex targeting of PYL genes (ABA KOs ABA insensitive Zhang et al. 2015
receptors)
Brassica Bolc.GA4.a (gibberellin-deficient) KO Dwarf Lawrenson et al. 2015
oleracea
Citrus sinensis ~ PDS (phytoene desaturase) KO Jia and Wang 2014
Cucumis elF4E (eukaryotic translation initiation factor) KO Virus resistance Chandrasekaran et al. 2016
sativus
Glycine max ALS (acetolactate synthase) HDR Chlorosulfuron Li et al. 2015
resistance
Chromosome 4 HDR Hygromycin resistance Li et al. 2015
miR1514, miR1509 KO Jacobs et al. 2015
(microRNASs)
Hordeum PM19 (plasma membrane protein regulates KO Lawrenson et al. 2015
vulgare dormancy)
Lactuca sativa  BIN2 (BRASSINOSTEROID INSENSITIVE 2) KO Woo et al. 2015
Marchantia ARF1 (auxin response factor 1) KO Auxin resistant Sugano et al. 2014
polymorpha
Nicotiana PDS (phytoene desaturase) KO and HDR Li et al. 2013; Nekrasov et al.
benthamiana 2013
Virus genome KO Virus resistance Ji et al. 2015; Baltes et al. 2015;
Ali et al. 2015
Nicotiana PDS (phytoene desaturase) KO and Albinism Gao et al. 2015
tabacum deletion
PDR6 (transporter involved in strigolactone KO Branching Gao et al. 2015
transport)
Oryza sativa PDS (phytoene desaturase) KO and HDR  Albinism Shan et al. 2013; Zhang et al.
2014; Shan et al. 2014
SWEET14 (sugar transporter) promoter Indel Jiang et al. 2013
CAOI (chlorophyll A oxygenase) KO Pale green leaves Miao et al. 2013
LAI (LAZYI) KO Tiller spreading Miao et al. 2013
Chromosome regions 170 and Zhou et al. 2014
245 kb
deletions
RAV?2 (related to ABI3/VPI) promoter Indel Loss of salt induced Duan et al. 2016
gene transcription
ALS]1 (acetolactate synthase) HDR Chlorosulfon resistance Sun et al. 2016
Petunia x NR (nitrate reductase) KO Subburaj et al. 2016
hybrida PDS (phytoene desaturase) KO and Albinism Zhang et al. 2016
deletion
Populus PDS (phytoene desaturase) KO Albinism Fan et al. 2015
lomentosa 4CL (4-coumarate:CoA ligase) KO Reduced lignin, wood ~ Zhou et al. 2015
discolouration
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Table 1 continued

Species Gene target Modification Phenotype References®

Sorghum DsRED* Indel DsRED Jiang et al. 2013
bicolor

Solanum ARGONAUTE7 90 bp deletion Wiry Brooks et al. 2014

lycopersicum  ANT] promoter HDR ANTI overexpression  Cermak et al. 2015
RIN (transcription factor) KO Incomplete ripening Ito et al. 2015
Solanum AA2 (aux/IAA) KO Wang et al. 2015a
tuberosum ALSI (acetolactone synthase) KO Butler et al. 2015
Triticum MLO KO Disease resistance Shan et al. 2013; Wang et al.
aestivum 2014
PDS (phytoene desaturase) KO Upadhyay et al. 2013
INOX (inositol oxygenase) KO and Upadhyay et al. 2013
deletion
Zea mays HKT (high affinity K" transporter) KO Xing et al. 2014
IPK (inositol phosphate kinase) KO Liang et al. 2014
ALS?2 (acetolactone synthase) HDR Chlorosulfon resistance  Svitashev et al. 2015
LIG1 (liguleless 1) HDR Phosphinothricin Svitashev et al. 2015
resistance
Ms26, Ms45 (male fertility genes) KO Svitashev et al. 2015
PSY1 (phytoene synthase 1) KO Albinism Zhu et al. 2016

KO knockout, HDR homology-directed repair

? For additional examples in A. thaliana see: Mao et al. (2013), Nekrasov et al. (2013), Jiang et al. (2014), Wang et al. (2015b), Mao et al.
(2015), Ji et al. (2015), Johnson et al. (2015), Steinert et al. (2015), Hyun et al. (2015), Xing et al. (2014); G. max see: Michno et al. (2015), Sun
et al. (2015), Cai et al. (2015), Du et al. (2016), Tang et al. (2016); N. benthamiana see: Jiang et al. (2013), Yin et al. 2015; N. tabacum see:
Mercx et al. (2016); O. sativa see: Jiang et al. (2013), Feng et al. (2013), Mao et al. (2013), Xie and Yang (2013), Xu et al. (2014), Endo et al.

(2015) and Xu et al. (2015)

in the T1 (Wang et al. 2015b) which simplified mutant
phenotype identification (Wang et al. 2015b). Germ line-
specific promoters have also been used in Arabidopsis to
improve the frequency of heritable, as opposed to somatic,
mutations (Mao et al. 2015).

Once a CRISPR/Cas9 mutation has been transmitted
through the germ line it remains stably transmitted there-
after, even in the presence of the original CRISPR/Cas9
transgenes. Presumably additional modifications of this
allele are not possible as the original 20 bp target sequence
has been altered beyond further CRISPR/Cas9 recognition.
Inheritance of these mutant alleles has been shown in
numerous plant species including Arabidopsis (Feng et al.
2014; Jiang et al. 2014; Fauser et al. 2014; Wang 2015a, b),
rice (Zhou et al. 2014; Zhang et al. 2014; Xu et al. 2015),
maize (Svitashev et al. 2015), lettuce (Woo et al. 2015) and
potato (Butler et al. 2015). As expected, in some progeny
these mutations have segregated away from CRISPR/Cas9
constructs making these modified plants transgene free,
which becomes relevant when considering the transgenic
status of these plants as discussed below.

Additional studies have demonstrated in plants, as shown
previously in animal systems, that multiple genes can be
simultaneously modified with CRISPR/Cas9. In maize, three
loci, ligl, ms26 and ms45 were successfully targeted in the
same cells with no apparent reduction in editing efficiency

arising from multiplexing. Stable transgenics were success-
fully generated with mutations in all three genes (Svitashev
et al. 2015). In rice, two genes were targeted with separate
sgRNAs and the double mutation frequency in TO plants
(5-28 %) was approximately equal to the multiplication
product of mutation frequencies at each target site (Zhang
et al. 2014). This was demonstrated for four different gene
pairs (Zhang et al. 2014). Also in rice, multiplex editing of a
cyclin-dependent kinase gene family was achieved in three
gene members in an approach which interestingly exploited
the ability of CRISPR/Cas9 to tolerate target site mis-
matches (Endo et al. 2015). In Arabidopsis, three genes
involved in trichome development were targeted by two
sgRNAs and mutant phenotypes were observed in the T1
generation consistent with biallelic double and triple muta-
tions that were inherited and confirmed in the T2 generation
(Xing et al. 2014). Also in Arabidopsis, six genes were
simultaneously targeted with six sgRNAs and plants pro-
duced that contained mutations at multiple loci with one
plant containing modifications all six target loci (Zhang
et al. 2015). Other examples of multiplex editing have been
reported in maize (Xing et al. 2014), tobacco (Gao et al.
2015) and tomato (Brooks et al. 2014).

Polyploid plants represent an obviously increased chal-
lenge for CRISPR/Cas9 gene editing given the need to
mutate all homoealleles to generate a mutant phenotype. In
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wheat, TALENS rather than CRISPR/Cas9 have been used
to successfully simultaneously edit all three homoealleles
of the MLO gene albeit with monoalleic modifications
occurring at each locus (Wang et al. 2014). However, the
MLO gene located on the wheat A genome was also suc-
cessfully modified using CRISPR/Cas9 (Wang et al. 2014).
In tetraploid potato, CRISPR/Cas9 modification was
reported at each ALSI locus and surprisingly involved the
same 4 bp deletion suggesting a preference for this muta-
tion type at this locus (Butler et al. 2015). While simulta-
neous modifications of homeoloci can occur in polyploids,
the low likelihood of biallelic’homozygous mutations
occurring at multiple loci suggests that progeny analysis or
crossing will be required in many cases to effectively
produce mutant phenotypes in polyploids using these
technologies.

In some instances loss of function alleles produced by
CRISPR/Cas9 can generate potentially useful agronomic
traits. In one instance, targeted CRISPR/Cas9 modification
of an endogenous plant gene produced virus-resistant
plants. Plant viruses require host proteins to complete their
lifecycle such as the eukaryotic translation initiation factor
elF4E and loss of this protein can provide virus resistance
(Chandrasekaran et al. 2016). The cucumber elF4E gene
was targeted by CRISPR/Cas9 and deletion alleles gener-
ated. T3 plants homozygous for deletion alleles and which
no longer contained CRISPR/Cas9 transgenes were selec-
ted. These plants showed resistance to viruses from the
Potyviridae family, i.e. cucumber vein yellowing virus,
zucchini yellow mosaic virus and papaya ring spot mosaic
virus-W (Chandrasekaran et al. 2016).

Potentially useful CRISPR/Cas9 mutations are
not restricted to ORF modifications

This system can also be valuable in defining critical pro-
moter regulatory elements in plants where the modified
gene exists in its native genomic location and chromatin
state. A conventional promoter deletion analysis was
undertaken on the rice OsRAV2 gene promoter using a
combination of stable rice transgenics and transient
Agrobacterium assays in tobacco to identify a candidate
GT-1 (GAAAAA) promoter element responsible for tran-
scriptional induction upon salt stress (Duan et al. 2016).
This sequence was subsequently edited in the endogenous
rice gene using CRISPR/Cas9, whereupon its modification
abolished salt inducibility of this endogenous gene (Duan
et al. 2016). In a similar approach, also in rice, a region of
the OsSWEETI4 gene was identified that serves as a
binding site for a secreted transcription factor produced by
the bacterial rice pathogen Xanthomonas oryzae pv. oryzae.
This pathogen transcription factor upregulates this host
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gene which promotes bacterial infection (Li et al. 2012).
Abolition of this region of the OsSWEET14 promoter using
TALENSs prevented pathogen induction of this plant gene
and increased rice resistance to this bacterial disease (Li
et al. 2012). The OsSWEETI4 gene promoter has also
subsequently been modified using CRISPR/Cas9 (Jiang
et al. 2013). Gene editing technologies, therefore, also offer
possibilities for modifying endogenous gene expression by
targeting critical regulatory elements.

Targeted deletions

Successful multiplex CRISPR/Cas9 editing in plant cells
makes the possibility of producing targeted deletions an
obvious proposition. Small deletions have been produced
in several plant species. In tomato, heritable deletions of
expected size were produced in TO plants at the ARGO-
NAUTE?7 locus using two sgRNAS with target sites sepa-
rated by 90 bp (Brooks et al. 2014). One TO plant out of 29
contained a single homozygous deletion of expected size.
Two additional plants were chimeric with an allele of the
expected size and other alleles of smaller size. In maize,
two sgRNAs were produced that targeted the ZmHKT gene
with these sites separated by approximately 35 bp. Anal-
ysis of 20 transgenic TO lines showed that 12 plants had a
mutation efficiency of approximately 100 % at each locus
and modified deletion alleles with the intervening sequence
between each CRISPR/Cas9 site removed were present in
two lines (Xing et al. 2014). Similar CRISPR/Cas9-induced
deletions have been made in Arabidopsis (Li et al. 2013;
Feng et al. 2014; Johnson et al. 2015) and tobacco (Gao
et al. 2015).

Larger deletions have also been produced by CRISPR/
Cas9. In rice, production of 170 kb and 245 kb deletions
was achieved in TO plants using multiple sgRNAs with
target sites at either end of the deleted sequence (Zhou
et al. 2014). Each intervening sequence encoded five and
ten genes, respectively. In both examples, plants were
monoallelic for these deletions but also had evidence of
modification of each individual target site on the corre-
sponding allele (Zhou et al. 2014). Inheritance of these
deletions was not shown in rice; however, heritability
experiments of large CRIPSR/Cas9-induced deletions
would be best undertaken in a polyploid species such as
wheat which can readily accommodate large deletions and
chromosome loss. The ability to target and delete large
segments of chromosomes has the potential to rapidly
reduce the size of chromatin segments introgressed into
plant genomes from wild relatives for crop trait improve-
ment. These segments frequently also encode deleterious
phenotypes linked to the trait of interest that can be diffi-
cult to remove by conventional breeding approaches.
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CRISPR/Cas9 may be a useful tool for the rapid reduction
of these frequently nonrecombinogenic segments.

Homology-directed repair (HDR) to create new
alleles

Site-specific cleavage coupled with the co-addition of a
homologous repair sequence can create new alleles via
homology-directed repair. This approach can be used to
rapidly introduce new alleles without linkage drag or to
introduce allelic variants that do not exist naturally. For
example, in Nicotiana benthamiana protoplast assays, the
phytoene desaturase (PDS) gene was successfully modified
using CRISPR/Cas9 and a repair template (Li et al. 2013).
A unique Avrll restriction site was encoded on a 600 bp
PDS sequence and this sequence change was incorporated
into the endogenous PDS sequence by gene replacement at
9 % efficiency. Similar experiments in Arabidopsis, how-
ever, were unsuccessful (Li et al. 2013).

In contrast, a GUS reporter gene with an internal
duplication (GUUS) was transformed into Arabidopsis
along with a sgRNA targeting this gene and Cas9 gene
(Feng et al. 2014). 11 % of T1 plants showed chimeric
GUS expression indicating that restoration of the GUS
ORF had occurred in somatic tissue by homologous
recombination. Analysis of T2 families from 16 T1 plants
identified two families (13 %) in which a corrected GUS
gene was stably inherited. Staining in GUS-positive T2
plants was uniform, consistent with germ line inheritance
of the corrected reporter gene in contrast to the GUS chi-
merism observed in T1 plants (Feng et al. 2014). Molecular
analysis also detected NHEJ events present in T2 progeny
that were twice as frequent as homologous recombination
events (Feng et al. 2014). A CRIPSR/Cas9 system derived
from Staphylococcus aureus could also reconstitute GUS
activity in Arabidopsis by homologous recombination with
similar efficiencies to that observed using the Streptomyces
pyogenes-based CRISPR/Cas9 system (Steinert et al.
2015).

In an experimentally similar study in Arabidopsis, it was
demonstrated that a Cas9 nuclease modified to produce
nickase activity (i.e. capable of cleaving only a single DNA
strand at the target site) could also reconstitute GUS
activity by HDR (Fauser et al. 2014). Two versions of the
GUS gene were engineered that were each inactivated by a
sequence encoding an I-Scel homing endonuclease site.
Each reporter gene also contained repeated regions of the
GUS gene that could serve as repair templates for homol-
ogous recombination. A direct comparison between Cas9,
Cas9 nickase and I-Scel homing endonuclease cleavage in
promoting homology-directed reactivation of these GUS
reporter genes was undertaken. Interestingly, the single-

strand nickase protein was as efficient, if not better, than
the two nucleases that produced double-strand DNA breaks
in reactivating GUS expression (Fauser et al. 2014).

In maize, a single specific amino acid substitution in the
acetolactate synthase (ALS) gene provides resistance to
sulfonylurea herbicides. Maize embryos were bombarded
with a Cas9 gene and sgRNA gene targeting the ALS2 gene
in close proximity to the critical amino acid. DNA repair
templates as either 127-mer oligonucleotides or a 794 bp
DNA fragment were also co-introduced, with each encod-
ing an appropriate change at the critical amino acid in
addition to several additional changes to confirm that her-
bicide-resistant plants were derived by template repair.
During tissue culture callus was cultured on media con-
taining the sulfonylurea chlorosulfuron and 2-4 repair
events were detected per thousand embryos processed
(Svitashev et al. 2015). Tl plants were confirmed as
showing chlorosulfuron resistance. A very similar experi-
ment was also undertaken in soybean using a 1 kb repair
sequence of the ALSI/ gene encoding chlorosulfuron
resistance and again an error-free sequence exchange event
was recovered after ALS/ was disrupted using Cas9 and a
sgRNA (Li et al. 2015). HDR has also been achieved in the
rice ALS gene (Sun et al. 2016). These experiments
demonstrate how powerful this approach can be in those
instances where a specific sequence change in a repair
template is known to confer a beneficial phenotype.

HDR gene insertion

Targeted genome integration of plant transgenes poten-
tially enables the sequential addition of transgenes at the
same locus. This “cis gene stacking” would greatly sim-
plify subsequent breeding efforts with all transgenes
inherited as a single locus. Several studies have made
advances in targeted gene integration by flanking transge-
nes of interest with additional sequences that are homolo-
gous to a desired insertion site. When coupled with
CRISPR/Cas9 cleavage of the target site the transgene can
be incorporated into this locus by homology-directed repair
that is facilitated by flanking sequence homology.

HDR was used to insert an NPTII selectable marker
gene into the alcohol dehydrogenase (ADHI) gene of
Arabidopsis (Schiml et al. 2014). This selectable marker
gene was flanked by approximately 670 bp of ADHI
sequence on either side (i.e. ADH5'/NPTII/ADH3') and
encoded on a T-DNA with Cas9 and a sgRNA gene that
targets a site present in ADHI. The same sgRNA target site
was placed on either side of the ADH5'/NPTII/ADH3'
sequence such that CRISPR/Cas9 cleavage would not only
cleave ADHI but also release ADH5'/NPTII/ADH3' as a
double-stranded DNA fragment. Stable Arabidopsis
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transgenics were produced and two plants out of 1400 T2
seedlings examined contained heritable gene targeting
events whereby ADH5'/NPTII/ADH3' had integrated into
the ADHI gene by HDR and this modified gene was
transmitted to T3 progeny. However, further molecular
analysis indicated that error-free HDR had occurred in only
one of these lines (Schiml et al. 2014).

In maize, a DNA repair template encoding a phos-
phinothricin acetyltransferase selectable marker gene
flanked by 1 kb of DNA sequence on either side with
homology to the LIGI gene was introduced into maize
along with Cas9 and a sgRNA targeting the LIGI sequence.
Callus was screened by PCR for site-specific insertion and
2.5-4 % of calli showed evidence of correct target
sequence integration when biolistic transformation was
used (Svitashev et al. 2015). Interestingly, no case of tar-
geted integration was observed when 192 embryos trans-
formed by Agrobacterium transformation were screened.
Seven independent biolistic regenerant plants were char-
acterised by DNA blot hybridisation and two had restric-
tion patterns consistent with homology-directed gene
integration that was inherited in T1 plants. The remaining
plants had extra, rearranged and randomly integrated
copies of the selectable marker gene (Svitashev et al.
2015).

In a similar study in soybean, two target sites in close
proximity on the distal end of chromosome 4 were targeted
for HDR using a hygromycin phosphotransferase
selectable marker gene flanked on each side by 1 kb of
target site sequence homology (Li et al. 2015). Transgenic
events were again produced by biolistic transformation and
flanking PCR analysis detected potential HDR integration
events in 4 % of TO callus at each target site. Subsequent
analysis, however, indicated that many HDR events were
not present in regenerated TO plants presumably due to
callus chimerism. A number of plants regenerated also
contained additional or imprecise insertions. However, an
error-free  HDR event with no additional transgene
sequences was generated and homozygous T1 progeny
produced.

An interesting modification of a gene targeting exper-
iments described above was undertaken in tomato using
CRISPR/Cas9 (or TALEN constructs) that cleaved a site
in the 3’ end of the promoter of the ANTI gene (Cermak
et al. 2015). ANT! encodes an MYB transcription factor
which when overexpressed results in anthocyanin accu-
mulation and intense purple-coloured tissue. Nuclease
constructs were encoded on a modified bean yellow dwarf
virus genome that was capable of undertaking replication
within the plant cell. Also encoded on this replicon was a
35S promoter sequence and a selectable marker gene
flanked on each side by approximately 900 bp of flanking
sequence homology to the ANTI cleavage target site.

@ Springer

Exact HDR targeting of this sequence results in the ANT
gene being under the regulatory control of the 35S pro-
moter and an obvious visible accumulation of purple
anthocyanin pigment. This replicon sequence was intro-
duced into tomato cells on an Agrobacterium T-DNA
where it was predicted to initiate rolling circle replication
and generate hundreds to thousands of copies. Gene tar-
geting frequencies of approximately 10 % were observed
using this replicon which was an order of magnitude
greater than that observed for a nonreplicating T-DNA
vector sequence (Cermak et al. 2015). Subsequent
molecular analyses indicated that more than two-thirds of
the insertions were precise with no unanticipated
sequence modifications and targeted modifications were
transmitted to progeny. Interestingly, no evidence of off-
target T-DNA or replicon sequence insertion was
observed meaning that separation of nuclease sequences
and the target sequence by segregation was not required
(Cermak et al. 2015). This study, coupled with previous
results from the same laboratory (Baltes et al. 2014)
demonstrate that high repair sequence copy numbers
coupled with site-specific DNA cleavage more efficiently
promotes gene targeting via homology-directed repair
processes.

Other CRISPR/Cas9 applications

Inactivation of the nuclease domains of Cas9 can generate
an sgRNA/Cas9 complex that lacks catalytic activity but
can bind to specific DNA target sites specified by sgRNA
sequence complementarity. When targeted to appropriate
genic regions this complex can inhibit transcription initi-
ation and transcription elongation by RNA polymerase or
binding of transcription factors. This has been demon-
strated in E. coli and mammalian cells and co-expression of
dual sgRNAs enabled simultaneous co-regulation of two
genes in E. coli (Qi et al. 2013). Conversely, fusion of a
transcription activation domain to a catalytic deficient Cas9
protein can enable it to behave as a transcriptional activator
when targeted to an appropriate promoter site using sgRNA
complementarity in human cells, although greater success
was observed when multiple sites were targeted in the same
promoter sequence (Perez-Pinera et al. 2013; Maeder et al.
2013). Transient expression assays have shown similar
results in Nicotiana benthamiana where endogenous genes
and transgenes could be activated or repressed by a cat-
alytically inactive Cas9 protein fused with either tran-
scriptional activation or repression domains. These
modified Cas9 proteins were targeted to specific regions in
plant promoters using sgRNA complementarity (Piatek
et al. 2015). Other applications using the site-specific tar-
geting abilities of the CRISPR/Cas9 complex are also
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being explored modifications
(Puchta 2015).

An alternative CRISPR/Cas9 application in plants is to
produce virus resistance in a process akin to the endoge-
nous role of CRISPR/Cas systems in bacteria and archaea.
Targeting the D/S DNA replicative form of gemini viruses
using CRISPR/Cas9 was successful in generating indels in
essential regions of viral genomes and generating virus-
resistant transgenic plants. This was shown for beet severe
curly top virus in Arabidopsis and Nicotiana benthamiana
(Ji et al. 2015), bean yellow dwarf virus in Nicotiana
benthamiana (Baltes et al. 2015) and tomato yellow leaf
curl virus in Nicotiana benthamiana (Ali et al. 2015).

including epigenomic

Are the final products considered genetically
modified organisms?

An immediate question gene editing technologies like
CRIPSR/Cas9 raise is whether the final products are con-
sidered as genetically modified organisms or not (Abbott
2015). In those examples where NHEJ results in indels at
the target site and the original CRISPR/Cas9 transgenes are
removed by segregation, the resultant plants are essentially
indistinguishable from those that could have theoretically
arisen by spontaneous mutation. Should these plants be
considered as transgenic organisms given that they no
longer contain any transgenes? The regulatory frameworks
for genetically modified organisms that were developed
several decades ago have arguably not evolved with current
technological advances in gene modifications and will
require re-evaluation to deal with these new products
(Camacho et al. 2014). More vexing for regulators is the
study of Woo et al. (2015) where pre-assembled Cas9/
sgRNA protein/RNA complexes were introduced into
protoplasts of Arabidopsis, rice, lettuce and tobacco and
targeted mutagenesis frequencies of up to 45 % observed
in regenerated plants. Mutations in these plants were gen-
erated by transient expression without a transgene, as such,
ever being present. A similar experiment was also under-
taken in petunia protoplasts (Subburaj et al. 2016). Given
the success of CRISPR/Cas9 modifications in many
eukaryotic organisms, these regulatory questions are not
confined to plants and need to be addressed for numerous
species including human cell therapies. Another important
issue to be resolved is the legal ownership of CRISPR/Cas9
technology. Two competing patents have been lodged, one
by Feng Zhang from the BROAD Institute and MIT and the
second by Jennifer Doudna and Emmanuelle Charpentier
from the University of California, Berkeley and Helmholtz
Center for Infection Research, Germany, respectively
(Rood 2015; Akst Akst 2016).

In summary, the CRISPR/Cas9 system is another tech-
nology that offers targeted gene mutation and opportunities
for homologous recombination and targeted gene insertion.
Arguably it is a simpler platform than other gene editing
technologies such as TALENs and zinc finger nucleases
which require the production of complex engineered pro-
teins that contain multimeric domains and it is far more
readily adaptable than meganucleases (Straub and LaHaye
2013; Belhaj et al. 2013). While targeted mutations using
this system have been demonstrated in numerous plant
species, HDR and targeted gene insertion are less routine.
Nonetheless, CRISPR/Cas9 is likely to serve as a vital tool
in progressing these latter approaches which are becoming
more essential due to an expanding number of valuable
transgenic traits.
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