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Abstract Well-established targeted technologies to engi-
neer genomes such as zinc-finger nuclease-based editing
(ZFN), transcription activator-like effector nuclease-based
editing (TALEN), and clustered regularly interspaced short
palindromic repeats and associated protein system-based
editing (CRISPR/Cas) are proving to advance basic and
applied research in numerous plant species. Compared with
systems using ZFNs and TALENs, the most recently
developed CRISPR/Cas system is more efficient due to its
use of an RNA-guided nuclease to generate double-strand
DNA breaks. To accelerate the applications of these tech-
nologies, we provide here a detailed overview of these
systems, highlight the strengths and weaknesses of each,
summarize research advances made with these technolo-
gies in model and crop plants, and discuss their applica-
tions in plant functional genomics. Such targeted
approaches for genetically modifying plants will benefit
agricultural production in the future.
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Introduction

Targeted genome engineering is an advanced approach for
scientists to efficiently alter DNA in plant cells by inserting
foreign DNA into the genomic DNA at specific locations
(Weeks et al. 2016; Weinthal et al. 2010; Xie et al. 2015).
In this type of genome editing, sequence-specific nucleases
are used to induce double-strand breaks (DSBs) in DNA,
and the repair of the breaks achieves the desired sequence
modification through nonhomologous end joining (NHEJ),
as well as homologous recombination (HR). NHEJ can
effectively create a gene knockout by causing frame shift
mutations in the coding region of a gene (Sternberg et al.
2014; Urnov et al. 2010; Weinthal et al. 2010). HR can
achieve precise gene modifications by repairing the DNA
damage with DNA sequences of homology to the DNA
sequence near the DSB (Sauer et al. 2016; Sprink et al.
2015; Tovkach et al. 2009; Urnov et al. 2010). Different
technologies have been developed using synthetic nucle-
ases (Jinek et al. 2012) and other restriction enzymes to
induce site-specific DSBs for plant genome editing
(Sternberg et al. 2014; Urnov et al. 2010; Weinthal et al.
2010; Xie and Yang 2013).

Zinc-finger nucleases (ZFNs), the first nucleases used
for genome editing in plants, represented a breakthrough in
genome modification because this approach exploits pro-
tein engineering to cut arbitrary DNA sequences (Puchta
and Fauser 2013; Weinthal et al. 2010; Wood et al. 2011).
ZFNs are engineered fusion proteins comprising DNA-
binding zinc-finger motifs and the restriction enzyme Fokl
endonuclease (Chandrasegaran and Carroll 2015; Urnov
et al. 2010; Weinthal et al. 2010). In ZFNs, 18-24-bp DNA
sequences are recognized by two ZFN units strung together
and a DSB is generated by the Fokl dimer that was
reconstituted by the pair of ZFNs (Puchta and Fauser 2013;
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Weinthal et al. 2010; Wood et al. 2011). ZFNs have been
used for gene targeting to edit genomes of plant species
such as Arabidopsis, tobacco, potato, maize, and soybean
(Anand et al. 2013; Butler et al. 2015; Hansen et al. 2012;
Petolino 2015; Urnov et al. 2010; Weeks et al. 2016). A
study of molecular mechanisms on DSB formation through
cleavage of 3-finger ZFNs demonstrated that the paired
DNA binding sites are located at a specific genomic locus
in plants (Chandrasegaran and Carroll 2015). Combining
FokI endonuclease and zinc finger proteins (ZFPs) in ZFNs
provides a general way to generate a site-specific double-
strand break (DSB) in the plant genome (Puchta and Fauser
2013; Weinthal et al. 2010). The approaches using ZFN
assembly and validation have great potential application
for plant genome engineering through gene targeting
(Puchta and Fauser 2013).

Transcription activator-like effector nuclease (TALEN)-
based editing, another of the most commonly used tech-
niques for plant genome engineering (Ainley et al. 2013;
Durai et al. 2005; Jabalameli et al. 2015; Petolino 2015;
Puchta and Fauser 2013; Ul Ain et al. 2015; Urnov et al.
2010; Weeks et al. 2016; Weinthal et al. 2010), is based on
the function of bacterial transcription activator-like effec-
tors (TALEs), that can be fused to the FoklI cleavage
domain. TALENs are hybrid proteins consisting of a
genetically modified DNA-binding domain fused to the
FoklI nonspecific nuclease domain. The sequence repeats in
TALEs are composed of 33-35 amino acids, with repeat-
variable di-residues at positions 12 and 13 to determine
pairing with the target DNA sequence (Sprink et al. 2015;
Wood et al. 2011; Yan et al. 2013; Zhang et al. 2015b). For
example, the DNA-binding domain derived from the
Xanthomonas  transcriptional  activator-like  effector
(TALE) protein has been used to fuse with the functional
domain of the Fokl endonuclease in the application of
TALENS in plants (Osakabe and Osakabe 2015; Shan et al.
2015; Sprink et al. 2015; Wood et al. 2011; Yan et al. 2013;
Zhang et al. 2015b). Efficient TALENSs have been used for
successful genome editing in different plant species
including Brachypodium, rice, tobacco, and wheat (John-
son et al. 2013; Kumar and Jain 2015; Lee et al. 2016;
Osakabe and Osakabe 2015). Different genetic methods
have been developed to facilitate the assembly of repeat
arrays (Chen and Gao 2014; Clasen et al. 2016; Johnson
et al. 2013; Kumar and Jain 2015; Lee et al. 2016; Osakabe
and Osakabe 2015). For example, a free designable DNA
binding domain can be used in TALENs to exploit alter-
native approaches in plants (Petolino 2015; Puchta and
Fauser 2013). ZFNs and TALENs have been successfully
used for genome modification in more than 40 different
plant species and cell types for genome engineering, indi-
cating their potential application of plant genetic
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engineering (Petolino 2015; Puchta and Fauser 2013;
Wood et al. 2011).

Among different genome editing technologies, the type
II clustered regularly interspaced short palindromic repeat
and the associated protein system (CRISPR/Cas) is the
most powerful tool for revealing gene function and for
engineering genomes in plants (Barrangou 2015; Barran-
gou and Marraffini 2014; Bondy-Denomy and Davidson
2014). The CRISPR/Cas system, which is based on the
application of RNA-guided engineered nucleases, are
derived from the adaptive function of the immune system
of bacteria (Streptococcus pyogenes) and of archaea, where
cells cleave invading nucleic acid viruses in a sequence-
dependent manner to protect themselves (Barrangou 2015;
Barrangou and Marraffini 2014; Bondy-Denomy and
Davidson 2014). At the proximal DNA end of the CRISPR
locus, spacers integrate into a region between two adjacent
repeats to generate immunity (Carter and Wiedenheft 2015;
Charpentier and Marraffini 2014; Chylinski et al. 2014).
Compared to ZFNs and TALENs, CRISPR/Cas9 is a more
efficient tool because the RNA-guided nucleases provide
targeted DSBs in cellular genomes (Charpentier and Mar-
raffini 2014; Cong and Zhang 2015; Dow et al. 2015).
Currently, the CRISPR/Cas9 system has been applied in a
large number of plant species including Arabidopsis,
tobacco, rice, tomato, and popular (de Lange et al. 2014;
Duan et al. 2016; Endo et al. 2015; Gao et al. 2015;
Jinkerson and Jonikas 2015; Mikami et al. 2015a, b;
Schaeffer and Nakata 2015; Vazquez-Vilar et al. 2016;
Zhang et al. 2014, 2016b). In the CRISPR/Cas system, the
CRISPR RNA (crRNA) and the trans-encoded CRISPR
RNA (tracrRNA) fused to generate a chimeric guide RNA
(sgRNA) to cleave a specific DNA target region (Endo
et al. 2015; Mikami et al. 2015a, b; Ren et al. 2014;
Vazquez-Vilar et al. 2016). The Cas9 protein and sgRNA
form an RNA-guided endonuclease to modify targeted
DNA sequence in the plant genome (Jinek et al.
2012, 2013, 2014). In sgRNA-Cas9 complex, the chimeric
guide RNA determines the catalytic action at a site-specific
manner (Fig. 1). Unlike ZFNs and TALENs genome edit-
ing which uses protein motifs to recognize DNA sequen-
ces, CRISPR—Cas9 uses RNA-DNA recognition to edit
genomic DNA sequence (Chandrasegaran and Carroll
2015).

In this review, we provide an overview of the function
and types of these major genome engineering technologies
in plants (Jinek et al. 2012), highlighting the use of ZFNS,
TALENS, and CRISPR/Cas9 by addressing the current
approaches to design efficient system and to decrease any
off-target effects. We summarize potential applications of
these technologies for genome engineering in plants to
improve crop traits, virus resistance, and stress tolerance,
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Fig. 1 Mechanism for targeted genetic modification by sequence-
specific zinc-finger nucleases (ZFNs) through homologous recombi-
nation (HR) and non-homologous end joining (NHEJ) DNA repair.
Two ZFN arrays are fused to the catalytic domain of the Fokl
endonuclease (gray) and bound to their target DNA site. Each
monomer consists of three zinc fingers (green) that make base-
specific contacts. A ZFN heterodimer binds to its specific DNA target.
These ZFNs dimerize at the spacer region of the DNA target
sequence, leading to the cleavage of the target DNA via a double-
strand break (DSB). Upon dimerization, a DSB is created. To
recognize the particular 9-bp target sequence, the sequential combi-
nation of three ZFs corresponding to each triplet nucleotide sequences
of the target would be required. The repair of ZFN-induced DNA
DSB via homologous recombination can be utilized for gene
correction or gene insertion of a few nucleotides whereas the
NHEJ-mediated repair pathway can be used for gene disruption. Total
target DNA sequences are typically 18-36-bp. Each ellipsis repre-
sents a zinc finger domain that recognizes specific triplet nucleotides

and emphasize their use in model plant and crop species
(Table 1).

ZFN-based genome engineering

ZFNs achieve sequence-specific cleavage for reverse
genetics in plants (Urnov et al. 2010) and can be used to
modify plant genomes via repair of a DSB in a targeted
genomic region (Petolino 2015; Weinthal et al. 2010).
ZFPs provide a flexible framework for creating custom
ZFN protocols with new sequence-specificities (Durai et al.
2005). The expression of ZFNs can induce genomic DSBs
to drive the replacement of target gene sequences with
foreign DNA as site-specific mutagens in plant species for
research in plant genetics and biotechnology (Weinthal
et al. 2010). ZFNs can facilitate gene targeting, additions,

deletions, and inactivation with low efficiency and repro-
ducibility (Mahfouz et al. 2011). Various research groups
are developing ZFNs that will enable both site-specific
mutagenesis and controlled foreign DNA integration in
living plant cells (Petolino 2015). The induction of DSBs at
specific genomic locations by ZFNs results in genetic
changes including gene deletion and site-specific mutage-
nesis in living plant cells (Tzfira et al. 2012). ZFN-medi-
ated genome editing is becoming applicable technology in
crop species for rapidly engineering crop trait such as and
increasing quality, productivity and abiotic stress tolerance
(Ainley et al. 2013; Jia and Wang 2014).

In the ZFN system, a single nuclease is sufficient to
knock out the function of target genes through the frame-
shifts in the coding exon (Gupta et al. 2013). The devel-
opment of ZFNs as a tool to generate site-specific genomic
DSBs for genome modification and gene-targeting appli-
cations in plant cells (Marton et al. 2013; Petolino 2015;
Weinthal et al. 2010). As the use of ZFNs in genome
editing has increased, factors that affect the efficiency of
ZFNs that recognize two adjacent unique DNA sequences
have been investigated (Petolino 2015; Urnov et al. 2010).
One subunit of ZFNs can generate a pair of hybrid nucle-
ases to recognize the specific DNA region and to stimulate
gene targeting in multiple cell types (Yan et al. 2013).

ZFNs have been developed that can repress transcrip-
tion, bind methylated DNA or act as fluorescent chromatin
probes (Scott et al. 2014). ZFNs are nuclease-based pre-
cision genome editing technique (Fig. 1) that is enabling
efficient gene editing including target gene disruption,
DNA fragment insertion, repair, genetic modification, and
gene deletion (Steentoft et al. 2014). Targeted genome
editing using ZFNs has the potential to improve plant
molecular breeding by providing the approaches to modify
genomes in a predictable manner (Bortesi and Fischer
2015). Investigation on the molecular mechanism of
cleavage by ZFNs demonstrated that the paired binding
sites is a unique genomic DNA region in cells and that a
ZFN-induced DSB stimulates homologous recombination
(Chandrasegaran and Carroll 2015). ZFNs have been used
to knock down gene expression (Hutter et al. 2015), to cut
specific DNA sequence (Droz-Georget Lathion et al. 2015),
and to remove essential splicing sequences (Ousterout et al.
2015). ZFNs mediate targeted genetic modification by
increasing the DNA mutation rate via induction of DSBs at
a predetermined genomic DNA region (Petersen and Nie-
mann 2015b). ZFN-mediated DSB generation at a specific
genomic DNA region followed by NHEJ repair can lead to
gene-specific mutations via nucleotide base-pair insertions
or deletions (Petolino 2015). Gene mutations can also be
corrected using ZFNs (Qin and Gao 2016).
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Table 1 Genetic modification of plant species by the genome engineering technologies ZFN, TALEN, and CRISPR/Cas

Species Targeted gene Nucleases References
Arabidopsis thaliana ADHI, TT4 ZFN Fauser et al. (2014), Schiml et al. (2014), Steinert
et al. (2015)
Oryza sativa OsSWEETI14 TALEN Jiang et al. (2013)
Zea mays IPK1 ZFN Liang et al. (2014)
Nicotiana tabacum SuRA, SurRB ZFN Gupta and Musunuru (2014), Karcher et al. (2008)
Arabidopsis thaliana AtPDS3, AtFLS2, AtRACKIb and CRISPR/Cas Feng et al. (2013), Jiang et al. (2014), Liao et al.
AtRACKIc, GFP, CHLI, CHL2, (2016), Unseld et al. 1997), Zhang et al. (2015c)
and TT4i, BRI1, JAZI, and YFP
Nicotiana benthamiana NbPDS3, NbPDS, Nbpds, NbPDS, CRISPR/Cas Ali et al. (20154, b), Li et al. (2015a), Nekrasov
GFP et al. (2013)
Oryza sativa OsPDS, OsBADH2, 0s02g23823 CRISPR/Cas Hayashi et al. (2016), Ikeda et al. (2016), Li et al.
and OsMPK2, OsSWEETI1 and (2014), Lowder et al. (2015), Ma et al. (2015), Sun
OsSWEETI14, OsMYBI, ROCS, et al. (2016), Zhou et al. (2015)
SPP and YSA, OsMPKS5, CAOI
and LAZYI
Triticum aestivum TaMLO, Tainox and TaPDS, CRISPR/Cas Upadhyay et al. (2013), Vaitilingom et al. (1998)
TaMLO-Al
Sorghum bicolor DsRED?2 CRISPR/Cas Jiang et al. (2013), Naito et al. (2015), Sugano et al.
(2014), Zhang et al. (2015a)
Marchantia polymorpha MpARF1 CRISPR/Cas Boehm et al. (2016), Grosche et al. (2012), Sugano
et al. (2014)
Citrus sinensis CsPDS CRISPR/Cas Jia and Wang (2014), Zheng et al. (2016)
Nicotiana tabacum NtPDS gRNA4, NtPDR6 gRNA2 CRISPR/Cas Baltes et al. (2014), Gao et al. (2015), Lin et al.
(2015)
Zea mays ZmPDS, ZmIPK1A, ZmIPK, CRISPR/Cas Liang et al. (2014), Lin et al. (2015), Martin-
ZmMRP4 Ortigosa et al. (2014), Svitashev et al. (2015), Xing
et al. (2014), Xu et al. (2013)
Glycine max GmPDSI11, GmPDS18, GFP CRISPR/Cas Cai et al. (2015), Li et al. (2015b), Lin et al. (2015),
Sun et al. (2015), Tang et al. (2016), Xu et al.
(2013)
Solanum tuberosum Casl, Cas3, and the four subtype CRISPR/Cas Butler et al. (2015), Nicolia et al. (2015), Sawai
specific genes Csyl, Csy2, Csy3 et al. (2014)
and Cas6f (Csy4)
Solanum lycopersicum Genes controlling anthocyanin CRISPR/Cas Acevedo-Garcia et al. (2014), Kahlau and Bock
biosynthesis (2008), Ron et al. (2014)
Populus tomentosa PtoPDS CRISPR/Cas Fan et al. (2015), Tingting et al. (2015)
Medicago truncatula GUS CRISPR/Cas Michno et al. (2015), Peng et al. (2015), Zlotorynski
(2015)
Marchantia polymorpha MpARF1 CRISPR/Cas Boehm et al. (2016), Grosche et al. (2012), Sugano
et al. (2014)
Petunia hybrid Phytoene desaturase gene (PDS) CRISPR/Cas Marton et al. (2010), Zhang et al. (2016a)

ZFN-based genome engineering in model plants

The technology of ZFNs has been used for targeted gen-
ome engineering in model plant species including Ara-
bidopsis (Puchta and Fauser 2013; Urnov et al. 2010) and
tobacco (Mahfouz et al. 2011; Marton et al. 2010; Puchta
and Fauser 2013). ZFN-expressing transgenic plant sys-
tems have been used to produce mutants by transferring the
gene directly into the target cells. Tovkach et al. (2009)
have developed in planta activity assays to confirm the

@ Springer

activity of ZFNs in plant cells. The assays are based on
introduction of a mutated uidA- and ZFN-expressing cas-
settes into target plants cells that offer cloning flexibility
and simple assembly of the tested ZFNs in plants (Tovkach
et al. 2009).

Marton et al. (2010) reported a nontransgenic technol-
ogy for ZFN delivery using a novel tobacco rattle virus
(TRV)-based expression system to introduce ZFNs into a
different tissues and cells of intact plants (Marton et al.
2010). ZFN-mediated targeted mutagenesis was detected in
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newly developed infected tissues of tobacco (Nicotiana
tabacum). The stability of ZFN-induced genetic changes in
the next generation was confirmed by sequence analysis,
indicating a viable alternative to the production of ZFN-
mediated genetic modification while avoiding direct
transformation of plants. The frequency of targeted DNA
integration via homologous recombination established
ZFNs as a feasible technique for higher plants including
tobacco and Arabidopsis so that targeted genomic DNA
modifications will become routine for plant species
including crop plants (Puchta and Fauser 2013).

ZFN-based genome engineering in crop plants

ZFNs-based genome engineering has been successfully
applied in crop plants including maize and potato (Belhaj
et al. 2013; Butler et al. 2015; Petolino 2015; Weeks et al.
2016). Weeks et al. (2016) documented the progress and
future uses of designer nucleases with model plant species
and to engineer genes and genomes in economically
important crop species for enhanced food production.
Ainley et al. (2013) reported the combination of high-ef-
ficiency targeted genome editing driven by engineered
ZFNs with trait-stacking in crop plants and illustrated the
utility of the nuclease-driven genome editing technology in
maize. They also used microparticle bombardment to
deliver donor DNA and the corresponding ZFN expression
construct to immature embryos, demonstrating a simple,
facile and rapid technology for trait-stacking (Ainley et al.
2013; Puchta and Fauser 2013). ZFNs have also been used
in potato (Solanum tuberosum) for targeted mutagenesis
via nonhomologous end joining (Butler et al. 2015).

Although ZFNs opened the door to custom nuclease-
targeted genome engineering in the late 1990s, it has not
been widely adopted for plants because designing multi-
zinc-finger modules is very difficult, the interactions
between amino acid residues and base pairs of the target
DNA sequence are complicated, and the assembly of
specific DNA-binding proteins for each target gene is
laborious for plants (Belhaj et al. 2013; Petolino 2015;
Urnov et al. 2010). An in-depth understanding of the
interactions between single amino acids in the zinc-finger
module with each base pair of the target DNA sequence is
required to facilitate the design of accurate zinc-finger
modules. In addition, off-target cleavage as a result of
nonspecific binding of zinc-finger motifs can be a problem
(Durai et al. 2005; Puchta and Fauser 2013; Weinthal et al.
2010; Wood et al. 2011; Yan et al. 2013). Moreover, the
costs are high for the modest efficacy in many applications
in plants (Blackburn et al. 2013).

TALEN-based genome engineering

TALENS are useful tools for performing targeted genomic
DNA editing in plants and cultured plant cells (Fig. 2)
(Marton et al. 2013; Reyon et al. 2012), providing the
ability to delete chromosomal segments, study the function
of large noncoding sequences, screen genomes, disrupt
genes, and develop new crop traits (Chen and Gao 2014;
Gupta et al. 2013; Jia and Wang 2014; Nemudryi et al.
2014; Shan et al. 2014). Luo et al. (2014) reported that a
pair of transcription activator-like effector nucleases
(TALENS) improved genome editing, compared to the use
of zinc finger nucleases and thus increase gene targeting
efficiency in vitro and in vivo.

Targeted gene editing with TALENs has become
increasingly popular since these powerful tools have
greatly facilitated the generation of plant models for basic
research and harbor an enormous potential for applications
in genetics (Mussolino et al. 2015). Recent advances in
TALENs have benefited current molecular biology
research (Osakabe and Osakabe 2015) and molecular
breeding (Redel and Prather 2015; Bortesi and Fischer
2015). Applications of TALENS are expanding in research,
medicine, and biotechnology, and specific sequences can
be efficiently inserted, removed or changed in cultured
plant cells (Lee et al. 2016). They can also be used for
targeted crop protection strategies in molecular breeding
programs for disease resistance (Nejat et al. 2016).
TALENSs are being used for genome editing and diverse
biotechnological applications in model plants and various
crop plants (Kumar and Jain 2015).

TALEN-based genome engineering in model plants

In a study on biofuel production, TALENs were used to
efficiently edit the genome of the yeast Saccharomyces
cerevisiae to induce overproduction of fatty acids by
simultaneously editing the FAAl and FAA4 genes
encoding acyl-CoA synthetase (Aouida et al. 2015). Thus,
TALENs can be an excellent tool for metabolic
engineering.

TALENs have been developed for genome editing in
Arabidopsis for germline-modification by stably integrated
transgenes into plant genome. Using TALEN technology,
Forner et al. (2015) observed very high phenotype fre-
quencies in the T2 generation and demonstrated that con-
stitutive TALEN expression did not cause additional off-
target effects (Forner et al. 2015). TALENs can result in
high-frequency targeted-gene mutagenesis, although a
rapid method to determine the cleavage efficiency is still
needed in plants. Based on cleavage-dependent luciferase
gene correction, Johnson et al. (2013) reported an assay

@ Springer



880

W. Tang, A. Y. Tang

l

Double-strand-break (DSB) induced

STTTTTTTITIT TTTTTTTTTTT
QLTI i il

5

TTTTTTITITIT TTTTTTTTITd
Lottt

3 3
DNA Repair
| |
HR repair | | NHEJ + HR repair ‘ ‘ Rejoined repair ‘

Fig. 2 Mechanism for targeted genetic modification by the tran-
scription activator-like effector nucleases through homologous
recombination (HR) and non-homologous end joining (NHEJ) DNA
repair. DNA sequence recognition and site-specific DSB formations
by transcription activator-like effector nuclease. Two transcription
activator-like effector nucleases (TALENSs) bound to their target site.
Repeat variable di-residues in each repeat in the transcription
activator-like (TAL) effector array (gray) make a base-specific
contact with the target DNA. The TAL effector repeat arrays are

that consists of coinfiltrating Nicotiana benthamiana leaves
with two Agrobacterium tumefaciens strains. Johnson et al.
(2013) detected cleavage by transcription activator-like
effector nucleases in the Arabidopsis CRUCIFERIN3 gene
(Johnson et al. 2013).

TALENS enable facile editing of genomes for genome
engineering in cells of different plant species. Baltes et al.
(2014) used geminivirus-based replicons for transient
expression of TALENs and delivery of DNA repair tem-
plates in tobacco. In addition to generation of the nuclease-
mediated DNA double-strand breaks, increased frequency
of gene targeting was achieved by application of the repair
template and of the geminivirus replication initiator pro-
teins. Baltes et al. (2014) demonstrated the feasibility of
using geminivirus replicons to generate plants with geno-
mic DNA modification in plants (Baltes et al. 2014).

TALENs-based genome engineering in crop plants
TALENSs open up new opportunities for targeted genome

engineering in crop plants to obtain agronomically impor-
tant traits. Budhagatapalli et al. (2015) demonstrated the
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fused to endonuclease FoklI to form hybrid TALE nucleases for gene
editing purposes. A meganuclease binds to a DNA target. The
catalytic domain also determines base specificity. TALENs create
specific DSBs in target sequences of DNA around 30-—40-bp. The
resulted DNA double-strand break then undergoes homologous
recombination or error-prone NHEJ DNA repair during which
deletions or insertions of a few nucleotides often occur. Each ellipse
represents a zinc finger (ZF) domain that recognizes the specific
nucleotide

feasibility of genome editing by TALENs resulting in a
predicted alteration of gene function in barley. As a result
of cobombardment of leaf epidermis, Budhagatapalli et al.
(2015) detected yellow fluorescent protein accumulation in
about three of 100 mutated cells, indicating that a readily
screenable marker system could be useful and important
for genome editing (Budhagatapalli et al. 2015). In rice,
Ma et al. (2015) developed a TALENs-based method for
genome editing, and Shan et al. (2015) engineered
TALENS to target the OsBADH?2 gene. Shan et al. (2015)
also obtained TALENs-based mutagenesis by simultane-
ously introducing three different pairs of TALENS to target
three different rice genes in rice cells via bombardment.
Wang et al. (2015) replaced a single base in situ in the rice
OsEPSPS gene by co-transformation with TALEN and
chimeric RNA-DNA oligonucleotides including RNA-
DNA or DNA-RNA strand composition and obtained one
mutant showing target base substitution. They also
obtained 16 mutants with based deletions of different
lengths. Molecular analysis of the mutants demonstrated
that the induced mutations were stably passed to the next
generation.
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In Zea mays, Liang et al. (2014) designed five TALENs
targeting four genes, (ZmPDS, ZmIPKIA, ZmIPK,
ZmMRP4) and obtained 23.1% targeting efficiency in
protoplasts, and 13.3-39.1% targeting efficiency in trans-
genic plants. The TALENSs induced targeted mutations in
Z. mays protoplasts at an efficiency of 9.1%, indicating that
TALENS are suitable for genome editing in maize (Liang
et al. 2014). TALENSs have also been used to knockout the
VInv gene in potato (Solanum tuberosum) variety Ranger
Russet. Clasen et al. (2016) obtained 11 modified plant
lines that contain TALEN DNA insertions in the genome of
potato, indicating that TALENs can be used to quickly
improve traits in potato plants. TALENs-mediated targeted
mutagenesis has been also reported in potato via nonho-
mologous end joining (Butler et al. 2015).

Compared to ZFNs, TALENs have fewer off-target
effects due to the longer target recognition site (Chan-
drasegaran and Carroll 2015; Duda et al. 2014; Durai et al.
2005; Petolino 2015; Weinthal et al. 2010; Wood et al.
2011; Wright et al. 2014; Yan et al. 2013). However, the
construction of multiple repeat sequences is a challenging
task. Although computer programs are available for effi-
cient TALE design and target prediction and TALE
libraries are also available for mammalian systems, this
technology requires sophisticated molecular design and
assembly of individual DNA-binding proteins for every
DNA target sequence. Knowledge of nuclease-specific
features, as well as their specificities and mutation signa-
tures, is critical for choosing the most appropriate genome
editing tools for specific applications (Kim and Kim 2014).
Yan et al. (2013) demonstrated that the increased size of
the DNA recognition sequences in TALENS is not essential
to achieve higher efficiency or specificity for gene targeting
in cells (Yan et al. 2013). Although TALENs-based gen-
ome modifications are an important technology for genetic
engineering in crop plants (Puchta and Fauser 2013), they
have also been shown to cut at off-target sites with muta-
genic consequences (Chandrasegaran and Carroll 2015).

CRISPR/Cas9-based genome engineering

The CRISPR/Cas9 system is a simple, powerful, highly
efficient tool for genome engineering because it can pre-
cisely modify endogenous genes for biological studies and
disease resistance (Fig. 3). It can provide at least a 10-fold
increase in efficiency over previously published genome
editing technologies for studying gene function (Bassett
et al. 2013). Because the repair of the on- and off-target
cleavage results in additional DNA sequence modification
including insertions, deletions and point mutations,
CRISPR/Cas9 systems need to be carefully designed for
different plant species to avoid potential off-target cleavage

Target strand

Double-strand-break (DSB) induced

STITTITTIITIT TITITTTaT1d
alLLLLLLLEEIE iy
DNA Repair
| | l
HR repair NHEJ + HR repair Rejoined repair
STTTTTTTTTTTT 5IIIIIllIIIII 5IIIIIIIIIIII
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Fig. 3 Mechanism for targeted genetic modification by the Cas9/
sgRNA complex through homologous recombination (HR) and non-
homologous end joining (NHEJ) DNA repair. Cas9 interacts with the
DNA strand, and the single guide RNA (sgRNA) hybridizes with the
specific 20-nt sequence of the targeted gene, leading to cleavage of
the targeted DNA. The target DNA is properly oriented in the active
site of Cas9 through the PAM (tandem guanosine nucleotides)
binding site. The interaction allows separate nuclease domains of
Cas9 to independently cleave each strand of the target DNA sequence
at a point 3-nt upstream of the PAM site. The resultant DNA double-
strand break then undergoes HR or error-prone NHEJ DNA repair
during which deletions or insertions of a few nucleotides often occur.
crRNA, CRISPR RNA; HNH, His-Asn-His endonuclease; RuvC,
Escherichia coli ruv endonuclease family member C, PAM, the
protospacer adjacent motif

sites (Cradick et al. 2013). The CRISPR/Cas9 system has
been used to edit the genome and block gene expression
and thus may be a powerful tool to protect against patho-
gens (Ebina et al. 2013). The high efficiency and heri-
tability of CRISPR/Cas9-based mutagenesis, combined
with the ease and limited off-target effects make the system
very useful for in vivo studies (Hruscha et al. 2013).

The CRISPR/Cas9 genome engineering system is also
efficient, specific, and flexible for gene correction. Sch-
wank et al. (2013) used the CRISPR/Cas9 system to correct
a specific gene locus by homologous recombination in
cultured cells of human patients; the corrected allele is
expressed and fully functional. This study provided proof
of concept that a gene can be corrected by homologous
recombination in cells with a single-gene hereditary defect
(Schwank et al. 2013). In addition, Auer et al. (2014)
reported CRISPR/Cas9-mediated knock-in of DNA cas-
settes into the genome of zebrafish (Auer et al. 2014).

The CRISPR/Cas9 systems facilitate directed mutagen-
esis of specific loci in the genome and thus can greatly
speed up analysis of gene function (Waaijers et al. 2013).
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The CRISPR/Cas9 system has been used to generate tar-
geted mutations in model organisms (Bassett and Liu 2014;
Bassett et al. 2014). By targeting a constitutive exon of the
AGOL1 gene, Bassett et al. (2014) achieved a homozygous
mutation in up to 82% of cells. The system is also useful
for transcriptional regulation (de Lange et al. 2014). The
CRISPR/Cas9 system is capable of targeting multiple
genomic sites in one shot (Petersen and Niemann 2015b).
Recent investigations demonstrated that the CRISPR/Cas9
system could function as a sequence-specific nuclease in
plants, providing new opportunities for generating geneti-
cally modified plants (Petersen and Niemann 2015a). The
CRISPR/Cas9 system has quickly become the preferred
genome-editing tool of plant scientists for proof of concept
and functional studies in model systems. Such studies have
led to the development of multiplexing for inducing mul-
tiple cleavage and site-specific transgene insertion. With
conceptual CRISPR/Cas9 studies, plant molecular biolo-
gists are beginning to apply this genome editing technology
for improving crops (Schaeffer and Nakata 2015) and
generating novel mutant phenotypes (van Tol and van der
Zaal 2014).

CRISPR/Cas9-based genome engineering in model
plants

The CRISPR/Cas9 system for targeted mutagenesis has
been applied in the model plants Arabidopsis thaliana and
Nicotiana tabacum using transient expression systems and
transgenic plants. Jiang et al. (2014) demonstrated that the
CRISPR/Cas9 system has promise for facile editing of GFP
gene in Arabidopsis. Gao et al. (2015) obtained insertion
and deletion mutations in NtPDS and NtPDR6 of N.
tabacum at frequencies of 16.2-20.3% using the CRISPR/
Cas9 system.

The CRISPR/Cas9 system also offers unparalleled
power for elucidating plant defense mechanisms and
developing novel options for pest management (Gurr and
You 2015). It has also been used for targeted genome
modification in different plant species to obtain molecular
immunity against DNA viruses. For example Ali et al.
(2015b) designed a CRISPR/Cas9 system to introduce
genomic mutations into the targeted TYLCV DNA
sequence in N. benthamiana plants.

Targeted DNA sequence modification of plant genome
is very important for elucidating gene functions for basic
and applied plant research (Schaeffer and Nakata 2015;
Zhang et al. 2014). The CRISPR/Cas9-based genome
editing technology enables deletion of a large imprinted
IncRNA and chromosome deletions (Han et al. 2014; He
et al. 2015; Hemphill et al. 2015; Schaeffer and Nakata
2015). Vazquez-Vilar et al. (2016) described the adaptation
of the RNA-guided Cas9 system to a modular DNA
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construction framework for increased use in synthetic plant
biology in N. benthamiana (Vazquez-Vilar et al. 2016).
The detailed procedure to design, construct, and examine
dual gRNAs for plant codon-optimized Cas9 (pcoCas9)-
mediated genome modification using A. thaliana and N.
benthamiana protoplasts as experimental systems is valu-
able and provides opportunities to apply the CRISPR/Cas9
system for genome editing in whole plants (Ali et al.
2015a).

CRISPR/Cas9-based genome engineering in crop
plants

Mikami et al. (2015a) evaluated mutation frequency in rice
and identified the best Cas9/gRNA expression cassette for
targeted mutagenesis in rice calli (Mikami et al. 2015a).
Cas9 expression level and mutation frequency were posi-
tively correlated, and a prolonged tissue culture period
increases the chance of inducing de novo mutations in
nonmutated cells. An endogenous tRNA-processing system
has been engineered as a simple platform to boost the
multiplex editing capability of the CRISPR/Cas9 system in
rice. Xie et al. (2015) demonstrated that synthetic genes
with tandemly arrayed tRNA—-gRNA architecture were
successfully processed into gRNAs with the desired 5’
targeted sequences in vivo to achieve multiplex genome
modification in transgenic rice plants (Xie et al. 2015).

The CRISPR/Cas9 system was also used to induce tar-
geted mutations in OsRAV2 of rice and provides a better
understanding of the salt response of OsRAVs and the
molecular regulatory mechanisms of plant genes under salt
stress (Duan et al. 2016). The mutations induced using the
CRISPR/Cas9 system occurred very early in the develop-
ment of the shoot apical meristem and were stably trans-
mitted to the T1 and T2 populations in a Mendelian fashion
(Zhang et al. 2016b). Xu et al. (2015) described the
CRISPR/Cas9-mediated genome editing of four rice genes.
A high frequency of mutagenesis was achieved in TO
generations, and the mutations in T1 lines were stably
transmitted to next generations, indicating a standard pat-
tern of germline transmission (Xu et al. 2015). The
CRISPR/Cas9 system also efficiently induced targeted
gene editing in 11 target genes of two rice subspecies
(Zhang et al. 2014). The gene mutations were passed to the
next generation without any detectable new mutations. To
validate the applicability of the CRISPR/Cas9 system to
target mutagenesis of paralogous genes in rice, Endo et al.
(2015) designed a single-guide RNA (sgRNA) that recog-
nized 20-bp sequences of the target CDKB2 gene. Targeted
mutations in four CDK genes in plants derived from Cas9/
sgRNA-transformed calli revealed that single, double, and
triple mutants of CDKA2, CDKBI and CDKB2 can be
created by a single sgRNA (Endo et al. 2015).
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To develop a toolkit for additional plant
selectable markers, gRNA modules, and gRNA expression,
Ito et al. (2015) developed a CRISPR/Cas9 binary vector
set that is based on the pGreen backbone and a gRNA
module vector set for multiplex genome editing in tomato
plants. The toolkit has been used in maize protoplasts and
transgenic maize lines and was highly efficient and speci-
fic, and the induced mutations were inherited by the next
generation, indicating stable expression of the CRISPR/
Cas9 system in maize (Svitashev et al. 2015).

The CRISPR/Cas9 system was developed that effi-
ciently and precisely mutates genomic DNA sequences in
soybean by knocking-out a GFP transgene and modifying
nine endogenous loci in 95% of 88 hairy-root transgenic
events analyzed (Jacobs et al. 2015). Du et al. (2016)
developed a CRISPR/Cas9 system for two soybean gen-
ome-editing targets, GmPDS1] and GmPDSIS, with a
single targeting efficiency range of 11.7-18.1%. They also
achieved a targeting efficiency of 12.5% in a double-mu-
tation gene-targeting experiment.

The CRISPR/Cas9 system has been used to develop
virus resistance in cucumber (Cucumis sativus L.) by dis-
rupting the protein synthesis function of the recessive gene
elF4E (Chandrasekaran et al. 2016). The Cas9/sgRNA
constructs targeted the N- and C-terminus of the elF4E
gene. Such CRISPR/Cas9 technology is expected to be
applicable for generating resistance in other crop plants.

The CRISPR/Cas9 system, with the Cauliflower mosaic
virus 35S promoter to express Cas9, has been used for
targeted editing of the genome of the liverwort Marchantia
polymorpha, inducing stable mutants (Sugano et al. 2014).
The CRISPR/Cas9 system is also efficient for editing the
gene of phytoene desaturase (PDS) that is a key enzyme in
carotenoid biosynthesis in a hybrid Petunia: transgenic
shoot lines with an albino phenotype accounted for
55.6-87.5% of the total regenerated plants (Zhang et al.
2016a).

CRISPR/Cas9-based genome engineering in woody
plants

Although the CRISPR/Cas system has been successfully
used to edit the genome of various model and crop plant
species, it has been rarely used in woody plants. Recently,
Fan et al. (2015) designed four gRNAs to target the phy-
toene desaturase gene 8 (PtoPDS) in Populus tomentosa
after Agrobacterium-mediated transformation for editing.
Of the 59 mutant phenotypes detected, 30 were homozy-
gous, indicating the first successful stable transformation of
a woody plant using the CRISPR/Cas system (Fan et al.
2015). Experimental evidence also demonstrated the sen-
sitivity of CRISPR/Cas9 to allelic heterozygosity.
Improvements of the CRISPR/Cas9 system for multiplex

genome editing would accelerate not only basic molecular
genetics research but also applied plant improvement (Tsai
and Xue 2015).

Conclusion

Because of their efficiency and versatility, the genome
engineering platforms ZFN, TALEN, and the CRISPR/
Cas9 are promising tools for targeted genetic modifications
in plants, investigations of functional genomics and
improvement of crop traits. The advantages of the
CRISPR-Cas9 system are the ease of RNA design and high
efficiency. Although these genome-editing technologies
enable scientists to modify the genome, they also may
mutate off-target sites. Therefore, the major challenges in
targeted genetic modification in plants in the future years
are (1) improving the efficacy, specificity, and delivery; (2)
increasing the ability to initiate, maintain, and regenerate
plant cell and tissue cultures to increase the proportion of
mutated cells and the number of plants containing herita-
ble mutations; (3) analyzing risk versus benefit for the
platforms (Chandrasegaran and Carroll 2015); (4)
expanding the availability of crop-specific vectors and
improving transformation protocols of crop plants; and (5)
manipulating large genomic DNA regions, modifying
transgene-free genomic DNA, and discovering novel gene
functions.
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